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UNITED  STATES  OFFICE  OF  NAVAL  RESEARCH 

GRANT 

N0001 4-86-G-021 5 

"Ultrathin  Film  Characterization  of  the  Organic  Rectifier  Project" 

Award:  $  96,800.00 

Grant  Duration:  01  August  1986  -  31  July  1988 
Date  of  Report:  5  May  1991 

Partial  support  (50%)  was  received  to  purchase  major  instruments  to  assist  in 
scientific  measurements  for  the  Organic  Rectifier  Project.  The  grant  was  awarded  on 
15  April  1986  to  Prof.  Robert  M.  Metzger  when  he  was  still  at  the  University  of 
Mississippi,  but  was  transferred,  with  the  consent  of  the  Scientific  Officer,  Dr.  Kenneth 
J.  Wynne,  Code  1113,  USONR  Arlington,  to  the  University  of  Alabama,  where  Dr. 

Metzger  moved  in  August  1986.  The  original  grant  was  for  the  acquisition  of  three 
instruments:  (1)  Fourier  Transform  Infrared  Spectrometer,  (2)  Automatic  Ellipsometer, 

(3)  Solid  State  Probe  for  planned  acquisition  of  a  Nuclear  Magnetic  Resonance  (NMR) 
Spectrometer.  Since  at  the  University  of  Alabama  (Tuscaloosa)  there  already  was  a 
Nicolet  200  MHz  NMR  with  solid-state  capabilities,  item  (3)  was  replaced,  with 
permission  of  Dr.  Wynne,  by  item  (3’)  A  MicroVAX-ll  laboratory  superminicomputer. 

The  grant  was  supplemented  by  $  96,800  as  matching  costs  from  the  University  of 
Alabama,  for  a  total  budget  of  $  1 93,600. 

The  following  instruments  were  purchased: 

(1)  Bruker  IFS-88  Fourier  Transform  Infra-Red  Spectrometer,  with  additional 
wavelength  capabilities  ranging  from  the  ultraviolet  (UV),  through  the  visible,  to  the 
near  and  mid-infrared  range  (frequency  range  40,000  cm1  to  400  crrr1  ,  or  wavelength 
range  250  nm  to  25  pm,  resolution  0.25  cm  ’),  and  with  a  mid-IR  microscope  (4000  - 
400  cm1,  or  2.5  -  25  pm).  Approximate  cost  $  135,000  (with  discount) 

(2)  Rudolph  Auto-EL-lll  Automatic  Ellipsometer,  632.8  nm  source,  70°  fixed 
incidence  and  refraction.  Approximate  cost  $  25,400. 

(3)  Digital  Equipment  Corporation  (DEC)  MicroVAX-ll,  with  9  MB  memory,  Emulex 
380  MB  disk  storage,  800-1600  bpi  Kennedy  9000  magnetic  tape  recorder,  LN03 
laser  printer,  TK-50  cartridge  tape  system,  16-terminal  multiplexor,  modem. 

Approximate  cost  $  33,000. 

The  equipment  has  been  used  since  1987,  and  the  following  publications  have 
benefitted  directly:  FTIR  [1-4],  Ellipsometer  [3],  MicroVAX  [5]. 

The  use  of  the  FTIR  for  detection  of  domains  within  LB  films  has  not  yet  reached 
full  maturity:  our  use  sofar  has  been  more  conventional,  in  the  spectral 
characterization  of  LB  films  [1-4].  (The  recent  purchase  of  a  scanning  tunneling 
microscopy,  to  probe  electrical  conductivity  through  the  film  without  worrying  about 
domain  realignment,  represents  a  shift  in  our  research  approach).  Nevertheless,  the 
FTIR  has  represented  a  growing  research  tool  in  our  laboratory,  and  we  are  now 
turning  to  studies  of  conducting  LB  films  and  of  second-harmonic  generating  crystals 
(MAP-MNA). 

The  ellipsometer  has  been  used  to  characterize  film  thicknesses  [3],  and  will  be 
used  to  obtain  the  index  of  refraction  of  a  new  second-harmonic  generation  crystal 
(MAP-MNA). 

The  MicroVAX-ll  has  been  used  to  compute  fits  between  observed  and  calculated 
X-ray  powder  diffraction  data  (program  TAUPIN)  [5],  and  for  band  structure 
calculations  [6],  which  were  ancillary  to  investigations  about  the  metal-to-insulator 
boundary  in  transition  metal  oxides  [7],  These  band  structure  calculations  will  be 
published  soon. 
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Simple  and  Perovskite  Oxides  of  Transition-Metals:  Why  Some  Are 
Metallic,  While  Most  Are  Insulating 
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Some  ’6  simple  and  perovskite  transition-metaJ  oxides  are  classified  as  metals.  insulators,  and 
those  exhibiting  metal-insulator  transitions  Using  the  framework  of  Zaanen.  Sawaizky .  and  Allen  and 
a  simple  ionic  model  to  estimate  the  two  relevant  energies  i An  and  C7,l.  we  can  find  boundaries  which 
separate  the  insulating  oxides  from  two  types  of  metals  low  X  metals  and  low  Vi,  metals  In  addition, 
compounds  with  metal-insulator  transitions  are  found  to  be  on  ‘or  neari  these  boundaries  It  is 
concluded  that  the  large  differences  in  conductivity  behavior  of  oxides  arc  largely  due  to  differences 
in  the  ionization  potentials  of  the  transition  metal  cations  r  ;>»i  x.jjemn.  p-n*  ins 


V  l 

The  discovery  (1-5)  of  superconductivity 
at  high  temperatures  has  generated  consid¬ 
erable  effort  at  understanding  the  physical 
properties  of  bismuth  and  copper  oxides.  It 
is  important  to  recognize  that  these  oxides 
are  members  of  the  broad  class  of  perovskite 
and  simple  transition  metal  oxides  that  usu¬ 
ally  do  not  exhibit  metallic  conductivity  and 
even  less  often  exhibit  superconductivity. 
As  part  of  an  overall  understanding  of  high 
temperature  superconductivity,  it  is  im¬ 
portant  to  understand  the  fundamental  elec- 

'  Permanent  address  Laboratoire  des  Fluorures. 
Faculty  des  Sciences.  University  du  Maine.  F-72017 
Le  Mans.  France 
oo::-45%/9i  S3  oo 


tronic  energies  that  determine  why  some  ox¬ 
ides  are  metallic,  whereas  the  majority  have 
low  conductivity  It  is  these  fundamental 
energies  for  the  undoped  oxide  systems  that 
provide  the  basis  for  understanding  the  hole- 
doped  systems  and  lie  behind  the  assump¬ 
tions  of  the  various  theories  for  high-tem- 
perature  superconductivity,  s 
The  conductivity  of  a  larganumber  of  sim¬ 
ple  and  perovskite  oxide  compounds  has 
been  compiled  in  several  review  articles 
14-9).  In  Table  I  we  list  ( 10)  76  such  systems 
involving  transition  metals  (including  rare 
earths)  in  formally  divalent  (II).  tnvalent 
(III),  and  tetravalent  (IV)  oxidation  states. 
Here  the  conductivity  behavior  of  these  ox- 

0022-4596191  S3 .00 
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ides  has  been  crudely  and  arbitrarily  divided 
into  "metals"  and  "insulators"  on  the  basis 
of  the  magnitude  of  their  conductivity, 
<r(300  K),  at  room  temperature:  "metals" 
are  defined  as  having  o-(300  K)  >  1  S/cm. 
while  "insulators"  have  cr(300  K)  <  l  S / 
cm.  A  few  oxides  have  metal-insulator  tran¬ 
sitions  and  are  so  labeled  in  Table  1. 

A  simple,  and  yet  powerful,  framework 
which  includes  correlation  effects  has  been 
introduced  and  developed  by  Zaanen.  Sa- 
watzky.  and  Allen  (ZSA)  (//).  According 
to  this  picture,  oxides  (as  well  as  halides, 
sulfides,  etc.)  can  be  described  in  terms  of 
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Fig  I  A  svhemaiic  diagram  of  (he  energy  levels  of 
the  ZSA  framework,  specifvtng  the  definitions  of  a. 
t'.i.  and  W 

the  relative  energies  of  three  electronic  en¬ 
ergy  levels  near  the  Fermi  level,  shown  in 
Fig.  1.  The  fully  occupied  oxygen  2 p  states 
are  shown  as  the  shaded  band  on  the  left 
side  of  the  vertical  energy  axis.  On  the  right 
side  of  the  vertical  energy  axis  and  shown 
unshaded  is  the  lowest  unoccupied  metal 
orbital  (corresponding  to  the  metal  conduc¬ 
tion  band)  which  lies  at  an  energy  A  above 
the  former.  A  is  seen  to  increase  in  going 
toward  the  right  in  Fig.  I.  This  unoccupied 
metal  orbital  lies  at  an  energy  V  above  the 
highest  occupied  (shaded)  3 d-  or  4</-metal 
states,  as  shown  in  Fig.  1 .  (The  prime  on  0" 
signifies  that  this  energy  (defined  in  Fig.  I) 
is  not  always  the  Hubbard  U.)  For  simplic¬ 
ity.  we  assume  that  the  width.  IV,  of  these 
three  bands  is  the  same. 

For  the  case  of  W  <  A.  V .  the  compounds 
are  insulating,  and  ZSA  (II)  distinguish  two 
different  types  of  insulators: 

( 1 )  Charge  transfer  insulators  when  W  < 
A  <  U ‘  (left  of  Fig.  1 ).  In  this  case,  the  gap 
~(A  -  W)  is  dominated  by  the  value  of  A; 
and 

(2)  Mott-Hubbard  insulators,  when  W  < 
IT  <  A  (right  of  Fig.  1).  Here  the  gap  — < C/' 
-  W)  is  dominated  by  U' . 


A  metal  results  when  either  of  these  two 
gaps  approaches  zero  Hence,  there  exist 
two  types  of  correlated  electron  metals 

(  h  "Low-A  metals  .  whenA<"  W  (far  left 
of  Fig  h.  in  which  the  lowest-lying  metal 
conduction  band  ov  erlaps  the  occupied  ow  ■ 
gen  2p-valence  states;  and 

(2)  '  Low-C  metals  ",  when  L"  <■  W  (far 
right  of  Fig.  I ).  in  which  case  the  two  metal 
orbitals  merge  to  form  a  partially  filled  band 

The  goal  of  this  paper  is  to  obtain  values 
of  L"  and  A  for  each  of  the  76  compounds 
in  Table  1  and  examine  these  within  the  ZSA 
framework.  While  experimental  values  for 
a  few  of  these  compounds  are  available,  a 
comparison  among  all  oxide  systems  is  more 
appropriately  earned  out  with  a  self-consis¬ 
tent  set  of  approximate  values,  obtained  in 
the  same  manner  for  each.  Such  a  set  may 
be  obtained,  if  we  approximate  these  oxides 
as  ionic  solids  containing  transition  metal 
cations  ML~  and  oxygen  anions  O2'.  with  a 
negligible  wave  function  overlap.  The  val¬ 
ues  of  V  and  A  obtained  in  this  approxima¬ 
tion  are  called  Uq  and  Ao,  where  the  zero 
subscript  serves  as  a  reminder  that  they  are 
theoretically  calculated  values  for  the  sim¬ 
ple  ionic  model.  The  energy  Uq  corresponds 
to  the  excitation  of  an  electron  from  one 
transition  metal  cation  to  its  neighbor  (at  a 
distance  dv_w).  and  is  specified  in  terms  of 
the  ionization  potential  lv,t  of  ML  ~  and  its 
electron  affinity  A  =  -/„: 

Uq  =  /,..,(>/)  -  l,(M)  -  (I) 

Correspondingly,  the  energy  A  to  excite  an 
electron  from  0:  to  a  neighboring  transi¬ 
tion  metal  (at  a  distance  0)  involves  the 
ionization  potential  KO:  )  of  0:‘  (the  nega¬ 
tive  of  the  electron  affinity  (A(O  ))  and  the 
electron  affinity  A  =  -/„  of  Mu~ .  In  addi¬ 
tion,  there  exists  a  term  AVv,  the  difference 
in  electrostatic  Madelung  site  potentials, 
that  the  electron  experiences  when  it 
changes  sites: 
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Fic.  2.  A  plot  of  the  calculated  values  of  t/J  and  \ 
for  the  76  oxides  in  Table  l.  The  lines  attempt  to  sepa¬ 
rate  the  "insulators"  (open  symbols)  from  the  "met¬ 
als"  i solid  symbols)  according  to  the  ZSA  framework 

A0  =  AVM  -  /t.(M)  -  ,4(0  I 

-  e'-Uiw  (2) 

In  this  very  simple  ionic  model,  the  values 
for  Uq  and  Ao  depend  only  on  the  electro¬ 
static  interactions  between  ions  and  the  gas- 
phase  ionization  potentials.  In  Table  I,  we 
show  values  of  AV'W,  calculated  earlier  (12) 
or  here  (13),  together  with  the  values  of  U'n 
and  A„  calculated  from  Eqs.  ( 1 )  and  (2),  us¬ 
ing  the  experimental  (14)  gas-phase  values 
for/, ,  while  a  value  ( 15)  of  7.70  eV  was  used 
for  A(0~).  In  Fig.  2.  we  plot  V0  versus  \ 
for  each  of  the  simple  and  perovskite  oxides. 
In  this  letter,  we  present  the  major  features 
of  these  data  and  discuss  the  details  else¬ 
where  (10).  It  is  clearly  seen  in  Fig.  2  that  the 
'  metallic''  oxides  tend  to  have  low  values  of 
either  \  or  L'0.  In  fact,  one  can  separate 
most  of  the  "insulators”  from  the  'metals" 
by  drawing  a  vertical  boundary  line  and  a 


horizontal  one.  such  that  the  metals  have 
either  A„  £  As  =  10  eV  or  L'.j  £  L"„  =  1 1 
eV.  Thus,  there  are  eight  metals  in  Fig  2 
which  we  can  classify  as  low-6"  metals  and 
16  metals  which  are  classified  as  low-A  met¬ 
als  Within  this  framework,  oxides  with 
metal-insulator  transitions  should  fall  on  (or 
near)  the  boundaries  in  Fig  2.  Such  is  the 
case  for  each  of  the  five  examples  in  Table 
1  (shown  in  Fig.  2  as  symbols  with  a  dot  in 
the  center). 

We  should  recall  the  approximations 
made  in  the  ionic  model  calculations  of  \ 
and  L'o .  We  have  neglected  the  effects  of  the 
electronic  overlap  between  ions  (covalency . 
crystal  field  splittings,  screening,  electronic 
polarizability)  and  the  motion  of  the  ions 
(lattice  relaxation,  ionic  polarizability ).  Our 
basic  assumption  is  not  that  these  effects 
are  small,  rather,  that  they  are  similar  for  all 
the  oxides  in  Table  I,  so  that  the  differences 
in  A  and  U'  are  caused  by  the  large  differ¬ 
ences  in  /v  and  AFW  via  Eqs.  (1)  and  (2). 
The  main  consequence  of  these  neglected 
effects  is  to  reduce  (or  screen)  the  actual 
values  of  A  and  If  well  below  the  ionic 
values  of  A„and  f/„in  Table  I.  For  example, 
for  an  electron  or  a  hole  in  La:Cu04.  the 
decrease  in  energy  due  to  screening  is  calcu¬ 
lated  (16)  to  be  -5-6  eV.  For  an  excitation 
of  a  neighboring  electron  and  hole  (as  for 
U‘n  and  An).  the  decrease  should  be  consider¬ 
ably  less  than  twice  this  value.  This  screen¬ 
ing  will  decrease  the  metal-insulator  bound¬ 
aries  at  Ag  -  10  eV  and  U'B  -  II  eV  to 
values  comparable  w  ith  estimates  (/ 7)  of  the 
electronic  bandwidth  W  -  6  eV.  Thus,  the 
magnitudes  of  Afl  and  U’B  in  Fig.  2  are  not 
unreasonable 

There  are  a  few  insulating  oxides  that  lie 
deep  in  the  metallic  regions  of  Fig.  2.  such 
as  SrMnOx.  Sr:Mn04.  and  NbO:  (which  has 
a  strong  pairing  of  metal  cations).  There  are 
several  more  minor  exceptions  nearer  the 
boundary .  many  of  which  can  ( 10)  be  related 
to  the  assumption  that  the  bandwidths  W 
and  hence  the  boundaries  U'B  and  As  are  the 
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same  for  all  three  types  of  orbitals  in  Fig.  I 
and  for  all  oxides.  Among  the  oxides  m  Ta¬ 
ble  I  there  are  significant  differences  in  W 
between  the  rare  earth  and  the  first  series 
transition  metal  oxides,  for  example,  as  well 
as  differences  due  to  distortions  and  tit  dif¬ 
ferent  dimensionalities.  Taking  these  fac¬ 
tors  into  consideration  >10).  there  still  re¬ 
mains  an  uncertainty  of  -1-2  eV  in  the 
location  of  the  boundaries  in  Fig.  2.  which 
is  an  estimate  of  the  relative  errors  in  the 
agreement  between  the  data  and  our  ionic 
model  of  the  ZSA  framework.  Considering 
the  simplicity  of  the  ionic  model  and  the 
number  of  factors  neglected,  the  combina¬ 
tion  of  an  ionic  model  and  the  ZSA  frame¬ 
work  forms  a  remarkably  good  starting  point 
for  an  understanding  of  the  electronic  struc¬ 
ture  of  both  simple  and  perovskite  oxides 
of  transition  metals.  In  this  way.  a  simple 
picture  is  able  to  account  for  the  differences 
in  conductivity  for  a  wide  range  of  oxides 
and  to  attribute  these  differences  primarily 
to  differences  in  the  ionization  potentials  of 
the  transition-metal  cations.  It  is  hoped  that 
such  a  broad  perspective  of  oxides  will  com¬ 
plement  the  common  approach  of  examining 
each  particular  compound  in  detail. 
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I.  Introduction 

Since  the  reports  bv  Bednorz  and  Muller  i  l^bni  on  superconductiv tt\  :n  the  quaternary 
mixed-valence  system  La,Ba;  CuOa  ..  with  onset  temperatures  in  excess ot  30  K.  and 
hv  Wu  et  al  I  lys")  tin  superconductivity  in  single-phase  YBa  (  u  O-  ..  with  an  onset  at 
93  K  and  T  (  zero'  resistance)  =  SO  K.  manv  laboratories  around  the  world,  including 
our  own.  embarked  on  a  desperate  search  tor  higher  critical  temperatures  throughout 
the  entire  lanthanide  series  W  ithin  a  tew  months  there  were  several  reports  ot  such 
compounds  with  values  of  T  in  the  90- 100  R  range  I C ava  et  al  198  Stacy  et  al  1987. 
Takagi  et  at  1987).  i.e  well  above  the  boiling  temperature  of  liquid  nitrogen. 

As  a  result  of  these  efforts,  superconductivity  has  been  observed  in  materials  with 
the  general  formula  R  A  CuO , .  in  which  a  certain  amount  (  v )  of  the  tri valent  rare-earth 
ion  (  R  I.  or  its  analogue,  coexists  w  it h  a  div  alent  alkaline-earth  ion  ( A .  usually  Ba  v)r  Sr ) 

A  possible  mixed-valence  Cu(  II  >-Cuf  III )  state,  in  which  the  copper  (a  Jahn-Teller  ion) 
can  be  either  square-planar-coordinated  or  square-pv  ramidally  coordinated  in  a  one-  or 
two-dimensional  arrav.  results  trom  the  vacancy  ot  a  certain  traction  ot  the  oxide 
sites  (6.7  «  w  -st  b.9)  The  almost  planar  ('dimpled')  arravs  of  Cu  and  O  atoms,  of 
stoichiometrv  CuO;.  surmounted  by  apical  O  atoms,  yield  a  square-pyramidal  (i.e. 
distorted  octahedral)  coordination  about  Cu  These  :d  planes'  mav  be  responsible  for 
T  around  40  K  There  is  also  a  n  ribbon'  motif  of  square-planar  Cu  and  O  atoms,  of 
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stoichiometry  CuO-,.  which  m.n  he  responsible  tor  J  aiound  4<i  K  in  the  VHjCuO 
structure. 

To  aid  in  our  studies  on  the  lanthanide  effect  on  superconductors  we  considered 
the  published  onset  and  zero-resistance  values  ot  T  versus  the  ionic  radii  of  the  lan¬ 
thanide  ions  Clear  Is  .  es  aluationsot  this  nature  should  consider  the  v  a  rious  experimental 
differences  amongst  the  mans  reports,  but  it  is  nesertneless  useful  tor  obtaining  r  uali- 
tative  information  from  the  resulting  trends  Other  than  tor  Y  there  exists  an  optimis¬ 
ation  svindosv  between  Ho.  Gd  and  Eu  tor  con\istcntls  achiesing  the  highest  salues  ot 
T  in  compounds  with  the  RBa-Cu  .()  composition  Our  obsersations  also  indicate  this 
trend,  even  for  tsso-phase  materials  with  overall  compositon  R  Ba -.Cu40.  t  Robinson  ft 
al  1987),  m  agreement  with  others  {  Brow  n  ft  al  Ids'.  Fisk  et  al  1487) 

We  have  recently  reported  our  results  on  superconductors  m  single-phase 
YBa;Cu-.0- .  .  ( Morrobel-Sosu  ft  al  14k" )  Here  we  present  our  studies  on  the  ssn thesis, 
powder  x-ray  diffraction  and  conductivity  ot  GdBa-Cu.O, .  tor  which  we  hnd  F  =  1 1  m  )  K 
(onset  at  108  K)  We  also  present  a  comparison  of  these  findings  with  our  previous 
work  on  YBa;Cu,0-  ..  prepared  under  similar  conditions  and  studied  using  the  same- 
experimental  configuration  and  equipment  A  preliminars  and  partial  acount  ot  this 
effort  is  given  elsewhere  ( Asasaroengchai  ft  al  14k- ) 


2.  Experimental  methods 

The  GdBa:CuvO,  and  YBd;Cu-0,  samples  used  tor  this  work  were  prepared  by  con¬ 
ventional  ceramic  powder  methods  Appropriate  molar  mixtures  of  fine  powders  of 
Gd:CE  ( Aesar).  Y:0<  ( Molycorpi.  BaCO  i  Malhnckrodt ).  and  CuO  i  Aldrich),  ill  with 
purity  >950  .  were  mixed  and  ground  in  ceramic  media  Samples  ot  the  Y-Ba-Cu-O 
mixture  were  pre-fired  in  air  at  950  C  for  24  h  and  cooled  in  a  muffle  furnace  to  room 
temperature.  Cylindrical  pellets  (typical  dimensions  1  25  cm  in  diameter  and  0.1  to 
0.2  cm  thick)  of  the  material  were  pressed  at  1  2  kbar  and  placed  in  a  ceramic  (alumina) 
boat,  inside  a  Lindberg  tube  furnace,  for  sintermg  at  950  C  for  8  h  The  samples  were 
then  annealed  at  500  =C  for  bh  and  slow-cooled.  The  Gd-Ba-Cu-O  samples  were 
pressed  at  1.2  kbar  and  sintered  at  950  ;C  for  12  h.  slow -cooled,  reground  and  pressed, 
followed  by  further  sintering  for  lb  h  These  pellets  were  then  annealed  at  5(H)  =C  for  5  h 
and  oven-cooled  to  room  temperature  The  entire  heating  annealing  schedules  were 
performed  under  flowing  oxy  gen  If  preliminary  electrical  resistance  ( DC )  measurements 
did  not  indicate  the  presence  of  a  superconducting  transition,  the  samples  were  submitted 
to  further  heating  after  being  reground  and  pressed.  Some  of  the  Y-Ba-Cu-O  samples 
required  further  heating  at  900  :C  for  12  h  and  at  500  :C  for  5  h.  while  some  Gd-Ba-Cu- 
O  samples  required  an  additional  18  h  at  980  :C.  in  flowing  oxygen.  The  lesulung  pellets 
were  black  throughout.  The  experiments  we  report  here  were  performed  on  those 
samples. 

Four-probe  measurements  of  electrical  resistance  versus  temperature  were  per¬ 
formed  on  pellet  samples  that  were  atrached.  from  the  bottom,  to  the  cold  finger  of  a 
closed-cycle  refrigerator  unit  (CTI-Cryogemcs  model  22C)  with  electrical  insulating 
varnish  (General  Electric  7031)  The  temperature  was  measured  with  a  calibrated 
chromel  versus  AU-0.07G-  Fe  thermocouple  attached  to  the  top  surface  of  the  sample 
with  the  same  varnish.  Four  parallel  leads  were  painted  onto  the  top  surface  of  the  pellet 
with  conductive  silver  paint  ( DuPont  7713)  The  small  amount  of  solvent  present  in  the 
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paint  was  evaporated  bx  heating  the  pellet-'  to  540  C  in  j  flow  ot  oxvgen  tor  approxi¬ 
mately  10  min  Copper  wire  contacts  were  soldered  directlx  onto  the  leads 

The  or  measurement',  were  made  bv  readme  the  voltage  drop  across  the  inner  leads 
ot  the  sample  usine  a  nanovoltage  amplifier  i  keithlcv  Model  140)  A  constant  sample 
current  ot  less  than  1  5  m.A  wa.,  maintained  throughout  the  experiment  to  diminish  the 
possible  suppression  'it  the  superconducting  transition  The  \t  measurements  were 
performed  using  the  reference  output  voltage  "t  "  "4"  \  i.n  a  frequency  ''!  2  kH/i  ot  a 
lock-in  amplifier  (Princeton  Applied  Research  Model  12i>i.  as  the  constant  current 
source,  through  a  l  kC2  resistor  in  series  with  the  sample  \  he  sample  voltage  was  pre- 
amplified  and  detected  by  the  signal  channel  <>l  the  lock -in  Data  acquisition  andanalvsis 
for  both  measurements  were  performed  with  a  personal  computer  ( Hewlett-Packard 
Model  lf>)  and  a  data-acquisition  control  unit  t  Hew  let t- Packard  Model  34''"  A  i  The 
temperature  data  were  dicitised  with  a  Scientific  Instruments  temperature  indicator 
which  was  also  interlaced  to  the  acquisition  control  unit  All  measurements  were  per¬ 
formed  in  both  decreasing  and  increasing  temperatures  tor  K'th  samples  No  meas¬ 
ure  able  hysteresis  w  as  detected  for  either  of  the  two  materials  Small  specimens  of  each 
sample,  obtained  from  crushed  peilcts  were  studied  bv  x-rav  diffraction  (  Phillips  Model 
?10()  generator)  with  C’u  k.i  radiation,  where  aiC'u  kn  .  i  =  I  54o5ds  A.  aiC'u  k.i  .  i  = 
1  341  s”  A  The  data  range  was  2  oimi  to  "o  ihiii  .  with  a  step  si/e  ot  o  020  and  count 

times  of  ii  sii  s 

3.  Results  and  discussion 

The  x-rav  powder  diffraction  patterns  for  YBa  l  u  t  >•  and  for  ( idBa  t  u  ( )  are  eiven 
in  tables  I  and  2.  respectively  <  )n I v  5  verv  weak  lines  out  ot  35  could  not  be  indexed  tor 
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Table  2.  The  x-r.i\  powder  diflraetoeram  for  GiIBj.Cu  .O- 


hkt 

d  ~  d  (  A  > 

/  / 

hkt 

J  1  A 1 

J*,  -  A.k  1A1  II 

OUl 

1 1  5ux 

M  IN) 

; 

2MI 

1  wi3 

11 1112 

X 

if*) 

*  ms: 

n  * *r 

> 

12" 

1  » 

(I (Kit 

: 

J 

3  544 

— 

1 

J 

!  Nv*' 

— 

14 

b 

3  1 3f> 

H  Hi' 

i 

IK  IK 

1  6M 

0  004 

4 

a 

:mo~ 

- 

1 

i  nr 

1  Ml 

U  (111) 

3 

2  S3 3 

no: 

4 

123 

1  ',*2 

0  INW 

1 1 

nil 

2  -3- 

f )  1  H  )> 

1 2 

1 

1  5'l 

-0  U09 

3 

HO 

2  'In 

t»  t)l6i 

2«  1 

a 

1  52^ 

— 

1 

a 

2  Mb 

— 

2 

214 

1  4SO 

0  006 

3 

j 

2  55m 

1)  «»2s 

1 

a 

!  456 

— 

- 1 

112 

2  4*v 

n  oZS 

- 

nos 

1  425 

0  005 

: 

e 

2  324 

0  mf 

2! 

215 

1  5*2 

11  KI9 

: 

!  13 

2  22s 

u  MM 

4 

221 

1  3^5 

0  UU9 

:* 

2u0 

1  434 

""ii 

l«Nl 

'  l  nassianed 

'  Attributed  to  the  222  reflection  of  (,d  O  ia  =  10  HI?  A.  J  ,l(  =  5  121  A),  or  to  the  11! 
reflection  of  BaO  <  u  -  5  52a  J,„  a  ?  h*XAi 

Attributed  to  the  !  -  i  reflection  ot  CuO  iu  =  4  r>x4  A.  b  =  5  425  A  c  =  5  120  A.  ff  = 
dV  4--.  jk  =  2  5A'  A i 

•  Attnbuted  to  the  11-1  reflection  ot  C'uO  i  J  ,  =  2  522  A ) 

■  Attributed  to  the  11!  reflection  ol  CuO  id,..  =  2  -22  A I 
Attributed  to  the  2* >2  reflection  ot  C  uO  i  J  ,  -  I  5H0  A| 


the  known  structure  of  Y-Ba-Cu-O.  with  some  of  the  intensities  matching  closely 
though  not  exactlv  The  calculated  lattice  parameters  yield:  a  =  3.824(1)  A.  b  = 
3.89I(I)A  and  c-  11.690(3)  A.  in  very  good  agreement  with  the  values  a- 
3.8218(7)  A.  b  =  3.8913(7)  A  and  c  =  1 1  .677(2)  A  (Cava  ei  al  1987).  The  x-ray  dif¬ 
fraction  pattern  for  GdBa;Cu  .O,  consists  of  27  peaks,  of  which  16  belong  to  a  unit  cell 
of  dimensions  very  similar  to  those  of  YBa;Ci  -.O- . ..  Four  of  the  remaining  reflections 
can  be  attributed  to  CuO.  and  one  to  either  Gd;0,  or  to  BaO.  while  the  rest  are  weak. 
The  calculated  lattice  parameters  obtained  from  this  pattern  are:  a  =  3.855(5)  A,  b  = 
3.872(4)  A  and  c=  11.348(1)  A.  in  good  agreement  with  the  reported  values  a  = 
3.89  A.  b  =  3.89  A  and  c  =  11.73  A  attributed  to  GdBa;CuOt  by  Hor  etal  ( 1987). 

The  normalised  plots  of  DC  resistance  versus  temperature  for  YBa:Cu30,  and 
GdBa;Cu}0- _ .  are  shown  in  figure  1 .  The  data  were  normalised  with  respect  to  R(T  - 
265  K)  =  20.99  mfi  for  YBa:Cu,0,  and  R!  T  =  265  K)  =  6.38  mQ  for  GdBa;Cu,0-. .. 
tocompare  the  qualitative  featuresof  these  materials.  The  higher-temperature  data  show 
the  metallic  behaviour  of  both  samples.  The  onset  temperature  for  superconductivity  in 
the  YBa2Cu3Ot  pellet  was  102  K  and  the  zero-resistance  temperature  was  96  K.  The 
result  is  consistent,  within  a  few  degrees  kelvin.  with  values  of  Tc  reported  by  other 
groups.  In  comparison,  the  onset  temperature  forGdBa:CuO-_.  was  108  K.  with  zero 
resistance  reached  at  100  K.  The  measurement  of  ac  resistance  versus  temperature  for 
GdBa;Cu30-  _ .  is  shown  in  figure  2.  For  this  case  the  onset  temperature  is  also  108  K. 
but  zero  resistance  was  achieved  at  99  K. 

These  values  are  a  few  degrees  higher  than  those  reported  by  others  (Flor  etal  1987. 
Mei  et  al  1987)  which,  when  coupled  with  the  presence  of  some  CuO  reflections  in  the 
x-ray  pattern,  may  be  indicative  of  slight  deviations  from  stoichiometry;  for  example. 
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Superconducting  in  GdBa:Cu:0- 


Figure  I.  The  normalised  (lx  i  resistance  Ri  T  i  R I  Ch'  K  i  as  a  function  of  temperature  tor 
pellets ot  i  A i  YBa-Cu  O.  and  (B i  GdBa  Cud) 


the  oxygen  composition  for  the  YBa-Cu.O,  material  was  determined  to  be  6.8  to 
6.9  from  thermogravimetric  analysis  (Nlorrobel-Sosa  et  al  198").  Nevertheless,  the 
measurements  are  reproducible  for  both  the  ac  and  dc  methods  and  show  no  detectable 
hysteresis  effects  upon  the  cycling  of  temperature,  and  the  x-ray  data  do  indicate  the 
presence  of  a  mostly  pure  phase  in  these  samples. 


Figure  2.  The  resistance  (  ac  I  of  a  pellet  of  GdBa  ;Cu  ,0-  ,  as  a  function  of  temperature 
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4.  Conclusions 

We  have  examined  the  temperature  dependence  of  the  electrical  resistance,  by  both  aC 
and  dc  methods,  for  mostly  single -pahse  GdBa;Cu-,0,  prepared  (sintered  and  annealed) 
in  the  presence  of  a  flowing  oxygen  atmosphere,  by  comparison  with  similar  measure¬ 
ments  performed  under  identical  conditions  for  YBa-Cu-.O,.  Both  electrical  resistance 
detection  methodsyieldedthesame  T.  (onset)  of  108  K.  T  (zero  resistance)  was  achieved 
at  99  K(AC)andat  100  K(dc).  These  results  support  the  hypothesis  of  a  7'c-optimisation 
window  for  the  tmalent  lanthanide  ions  between  Ho.  Gd  and  Eu. 
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Abstract.  —  We  review  here  the  progress  made  towards  the  goal  of  truly  ummolecular  devices,  that  is. 
electronic  or  other  devices,  whose  active  principle  is  based  on  the  manipulation  of  the  molecular  geometry,  or 
the  molecular  conformation,  of  a  single  organic  molecule,  or  small  cluster.  This  quest  is  at  the  forefront  of  a 
nascent  field  of  research,  called  "molecular  electronics  ',  which  aims  to  fill  a  future  gap  in  conventional 
"inorganic"  microelectronics:  as  devices  based  on  silicon  or  gallium  arsenide  or  germanium  get  smaller  and 
smaller,  because  of  the  need  for  faster  electronic  circuits,  the  fabrication  difficulties  will  rise  rapidly,  and,  at 
the  nanometer  level,  organic  molecules,  with  the  tunability  of  their  molecular  orbitals,  should  offer  significant 
advantages,  along  with  new  technological  challenges.  The  issue  of  the  potential  speed  of  organic  rectifiers 
and  transistors  can  be  resolved  by  the  use  of  strong  oxidizing  and  reducing  molecules,  through  which  electronic 
transport  can  be  very  rapid.  At  present  one  cannot  routinely  address  a  group  of  several  isolated  single 
molecules:  as  yet  there  are  no  "molecular  wires".  However,  one  can  use  the  tip  of  a  scanning  tunneling 
microscope  to  address  a  single  molecule,  and  thus  several  candidates  for  molecular  electronic  devices  can 
finally  be  studied.  The  review  focusses  mainly  on  the  efforts  to  realize  the  Aviram  Ratner  ummolecular  rectifier, 
and  chronicles  the  progress  of  the  Organic  Rectifier  Project. 


1.  Introduction 

There  are  two  current  definitions  of  "molecular  elec¬ 
tronics"  (ME)  ': 

(i)  the  "wider"  definition,  which  includes  the  interesting 
electrical  behaviour  (conductivity,  superconductivity,  etc.)  of 
all  known  lower-dimensional  systems.  LB  films,  and  clusters, 
and 

(li)  the  "stricter  and  narrower"  definition,  which  focusses 
on  the  properties  of  the  single  molecule.  These  two  definitions 
are  discussed  in  Section  2. 

Examples  of  "bulk"  molecular  devices  are  presented  in 
Section  3.  Efforts  to  mimic  intramolecular  electron  transfer 
in  biosynthetic  molecules  are  reviewed  in  Section  4  "Truly 
ummolecular"  electronic  device  proposals  are  reviewed  in 
Section  5  :  device  assembly  ideas  are  presented  in  Section  6. 
The  ideas  for  "connecting"  to  such  molecular  devices  are 
discussed  in  Section  7. 

Sections  8-9  chronicle  the  progress  made  by  our  own  group 
("the  Organic  Rectifier  Project"  (ORP)|  towards  the  reali¬ 
zation  of  the  organic  rectifier,  a  proposal  advanced  in  1973 
by  Ari  Aviram.  Mark  A.  Ratner  and  coworkers  :  4  rhui  ti 
w ngle  organic  molecule  of  the  type  D-n-A  could  he  a  rectifier 
u!  electrical  current.  This  molecule  D-n-A  would  do  so. 
because  the  D  end  is  a  good  organic  one-electron  donor,  rr 
is  a  covalent  saturated  ("sigma")  bridge,  and  A  is  a  good 
organic  one-electron  acceptor  The  driving  force  for  the  ORP. 
which  may  be  one  of  the  key  experiments  in  ME.  is  that  the 


working  thickness  promised  by  such  a  D-n-A  device  is  of 
the  order  of  one  or  two  molecular  lengths,  i.  e.  about  5  nm: 
such  a  small  size  is  predicted  to  be  unattainable,  even  by  the 
rosiest  forecasts  for  silicon  or  gallium  arsenide  technology. 
The  progress  of  the  ORP  '  has  been  reviewed  often 
before  h  “•  11  1  20 ’4  ;f’  :  .  but  new  results  are 

incorporated  in  this  review 

As  discussed  in  Section  9.  the  rectification  by  a  single 
organic  molecule,  or  by  an  organized  Langmuir-Blodgeti 
(LB)  :h  34  monolayer  of  such  molecules,  has  not  yet  been 
demonstrated  by  our  group  The  revolutionary  scanning  tun¬ 
neling  microscope  35  has  an  obvious  potential  for  confirming 
the  Aviram  Ansatz;  (STM/:  the  early  and  disappointing 
efforts  to  detect  rectification  by  an  ad  hoc  modification  of 
the  STM  ’’  24  will  be  reviewed:  our  own  continuing 

efforts  will  be  mentioned  briefly.  We  mention  also  the  results 
of  Samblcs'  group  at  Exeter  and  Ashwell's  group  at  Cranfield. 
who  may  have  achieved  rectification  by  an  LB  film  J~. 


2.  Broad  and  narrow  definitions  of  molecular  electronics 

The  term  ME  has  been  popularized  by  the  late  Forrest  L. 
Carter,  who  organized  international  workshops  on  ME 
devices  in  Washington  in  1981  3S,  1983  and  1986  40 ;  this 
was  followed  by  conferences  in  Varna.  Bulgaria  in  1986 
and  in  Hawaii  in  1989.  which  outlined  the  present  chal¬ 
lenges  42. 
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In  the  period  |9S  3-19X4.  some  unscientific  proposals  about 
self-assembling  biological  "computers"  ("biochtps  ">  received 
unfortunate,  undeserved  and  uncritical  world-wide  media 
attention;  the  critical  reaction  to  such  exaggerations  almost 
drowned,  in  the  ocean  of  righteous  disbelief,  the  infant  field 
of  MF  1  A  very  sobering  note  outlined  what  technical  accom¬ 
plishments  were  still  needed  4'.  Since  then,  more  conservative 
chemists,  physicists.  and  materials  scientists  have  broadened 
the  definition  of  ME.  re-labelled  some  of  their  research  areas 
as  Mi;,  and  thus  have  given  MF  its  present  nascent  respecta¬ 
bility 

At  present,  two  interpretations  of  MF  exist  In  its  first, 
broader,  definition,  Iscnsu  lato)  MF  includes  the  imestigalum 
ot  all  molecule-hased  electronic  processes  in  lower-dimensional 
\i  stems.  to  wit.  in  approximate  historical  order 
(All  Intercalated  graphites  (C'SK..  etc.)  44 
t  A 2 )  Intercalated  2-0  chalcogemdes  (TaS,.  etc.i 
(A3)  Charge-transfer  salts  (organic  conductors  and  super¬ 
conductors) 

|  A4)  C  onducting  low -dimensional  polymers  4"  4 
( A 5 )  Inorganic  linear-chain  compounds  4'' 
lAb)  Langmuir-Blodgett  (LB)  multilayers  14 
These  research  areas  have  been  studied  world-wide  for 
almost  two  decades,  and  relabelling  them  as  MF  may  he  a 
convenient  short-hand,  an  attention-getting  method  for  fund¬ 
ing  research  proposals,  or  just  a  current  fad. 

In  the  second,  more  narrow  definition,  t voi.vii  stra  in)  MF 
devices  ("zero-dimensional  devices'")  utilize  the  electronic 
properties  ot  single  molecules  or  clusters.  Examples  of  propo¬ 
sals  are; 

(Bl)  Aviram  and  Rainer's  rectifier,  which  is  the  main  sub¬ 
ject  of  this  rev  iew  :  4 

iB2)  Aviram  and  Ratner's  hydrogen  atom  switch  '  4 
(B3)  Mitani's  proton  transfer  system  4" 

(B4)  Carter's  soliton  switch 
( B5 )  *  Fujihira's  LB  monolayer  photodiode  M 
Ol  these,  only  the  last  (indicated  by  an  asterisk)  is  an  exper¬ 
imentally  proven  device. 

As  "passive"  molecular  connectors  which  may  be  useful  to 
interrogate  unimoleeular  MF  devices,  the  following  proposals 
have  been  brought  forth: 

(Cl )  molecular  wires  and  antennas,  e  g  carotenes  and 
other  polyenes 

<C2)  Aviram  s  linked  thiophene  "connects”  " 

(C3)  Miller's  "molecular  spacers"  ,4 

(C4)  molecular  inclusion  compounds,  e  g  cyclodextrins  " 
and  calixarencs 

These  ideas  and  potential  devices,  which  represent  the  best 
present  long-range  hope  for  MF,  should  exhibit  the  inherent 
speed  of  intramolecular  electron  transfer  (much  less  than 
I  ns)  It  is  very  likely  that  MF  can  compete  with  presenl- 
d  iv  semiconductor  electronics  only  if  MF  can  couple  the 
advantages  of  molecular  size  and  last  intramolecular  electron 
transfer  (faster  than  I  ns),  there  is  little  use  in  making  a  small 
but  slow  device. 


3.  Molecular  devices  that  depend  on  bulk  properties 

First,  wc  will  discuss  some  "bulk"  molecular  devices,  even 
though  they  are  molecular  devices  only  in  the  larger  sense 


li  e.  because  of  the  band  structure  of  the  solids,  or  because 
i>l  phase  change  properties,  or  other  bulk  effects) 

^  1  Hi  1  Is  ORI  .  VSIt  HI  I  III  II  Rs 

Alter  the  discovers  of  the  function  diode  and  the  transistor, 
it  was  ol  some  academic  interest  to  see  whether  organic 
molecules  could  (unction  in  bulk  pn  rectifiers  (diodesi  or  as 
npn  transistors  This  would  occur  if  a  film  or  crvstal  of  an 
organic  electron  donor  were  brought  in  contact  with  that  ot 
an  organic  electron  accepts'!  This  was  indeed  verified  in  the 
I96l)'s  ‘  ' 

3  2.  Ml  t  I  It  VV  I  R  1  B  OKI ,  VSH  Kl  <  I II  II  Ks 

Kuhn  ct  al.  showed  that  one  can  obtain  a  pn  lor  DA) 
rectifier  in  a  LB  multilayer  sandwich 

Al  (C'A-Df,  (CA),  (CA-A),  Al 

where  denotes  an  interface  boundary.  Al  denotes  a  bulk  Al 
contact.  (C  A-D)v  denotes  the  electron  donor  svslem 
D[  =  </  LB  monolayers  of  cadmium  aracludate  (CA)  randomlv 
doped  in  the  ratio  5  1  with  suitable  organic  it  electron  donors 
D]  (L  A),  denotes  a  spacer  layer  of  r  undoped  monolavers  of 
CA.  and  (CA-A).  denotes  the  electron  acceptor  system  A 
( =  '  LB  monolayers  of  CA  randomly  doped  with  suitable 
organic  it  electron  acceptors  A|.  This  work  was  repeated 
and  confirmed  by  Sugi  et  al.  who  observed  rectification 
properties,  but  only  if  t/53.  rgl,  and  ,vg3.  In  these  LB 
films,  the  nearest-neighbor  distance  between  D  and  A  in 
successive  layers  cannot  be  controlled. 

3  3.  V  PH  VSI -<  HANOI  OROANK  SWIK  H 

In  1979  a  fast  switch  was  discovered  by  Potember  in 
C uTC  NQ  f’"  This  was  due  to  the  thermodynamic  meta¬ 
stability  (in  crystals  or  amorphous  powders)  of  the  violet, 
low-conductivity  ionic  state  !IS)  Cu '  TCNQ-(c).  relative  to 
the  yellow,  low-conductivity,  neutral  state  (NS)  Cu(0) 
TCNQ(0)(e).  with,  presumably,  an  intermediate,  mixed- 
valent.  higher-conductivity  stale  (CS) :  one  could  switch 
between  the  two  states  IS«->CS  either  with  an  applied  voltage 
over  a  certain  threshold  value,  or  by  a  moderate  laser  beam, 
while  heat  will  restore  the  IS  This  is  found  also  in  AgTCNQ. 
and  in  a  lew  other  related  systems  hl.  The  switching  rate  is 
quite  fast,  and  can  be  even  used  for  optical  data  storage 
but  has  not  been  incorporated  in  commercial  devices. 

3  4.  VMULHI  II  -HASt  1)  I  RANSISIOH  I  SIM,  (  ON  1)1  1  TIM,  POI  V  Vlt  RS 

Wrighton  et  al.  developed  a  "molecule-based  transistor  ' 
which  uses  conducting  polymers:  either  chemically  doped 
polyamlinc  layers  deposited  on  Au  interdigitated  electrodes  h> 
or  a  50-100  nm  "gate  "  polyamline  polymer  between  two  Au 
electrodes  shadowed  with  SiO;:  this  device  still  has  a  rather 
slow  switching  rate  (10  kHz),  due  to  the  slowness  of  ionic 
conduction,  and  a  gam  of  almost  1.000  ^ 4  Recently  Stubb 
et  al.  showed  that  a  single  Langmuir-Blodgett  monolayer  can 
be  used  in  a  "molecule-based”  transistor  "V 

3  5.  PHASt  (  H  AM, I  OP!  |<  AL  VH-MORIIS 

There  arc  three  established  technologies  for  mass  informa¬ 
tion  storage  and  retrieval  ''t'  : 


Nl  W  IOI  RN  VI  ot  <  HI  MIStRV  VOL  I  ?.  N  2-3-  I9U  I 


IHI  <_>!  I  S  I  I  o|<  I  SINK  >1  1  (  I  I  \K  I  l|  \  ll  I  s 


(i)  ferrite,  iron  oxide  and  chromium  oxide-based  magnetic 
memories,  disks  and  tapes  iMMl  these  are  erasable,  or  xs rile 
mans,  read  man>  iVVMRM)  media. 

ml  Si  and  CiaAs-hased  semiconductor  computer  memories 
iSMi  these  can  be  considered  as  ver\  fast  write  rnan>.  read 
man'  il WMRMi  media: 

ml  A I  pits  on  poKcarbonate-hased  laser-readable  compact 
disk  iC  D)  technology.  this  is  a  permanent,  or  write  once, 
read  mans  i WORM l  medium 

The  present  limitations  in  storage  density.  access  time,  and 
cost  of  the  above  three  techniques  have  spurred  an  extensive 
search  for  alternative  storage  strategies  I  or  instance,  maen- 
eto-optical  recording  will  provide  W'MRM  capabilities  m 
CD.  but  with  no  increase  in  storage  densitv  Alternative 
methods  ol  storing  WORM  data  on  CD-type  surfaces  depend 
on  phase-change  systems  lopaque  to  transparent,  etc  i  winch 
can  use  inorganic  substrates  (e.  g  lei  or  organic  substrates, 
or  sv stems  which  depend  on  local  melting  and  moving  aside 
an  organic  t'llm  to.  g.  phthalocvamnes  '"*).  The  need  to  llnd 
W'MRM  optically  addressable  media  is  acutely  felt,  and  main 
organic  systems  are  being  considered:  these  ntav  show  a  cost 
adv  antage 

>  6  SPIN  I  K  VNSI  I  II  IS  is  I  B  I  II  MS 

The  groups  of  Barraud  and  Kahn  have  demonstrated 
hxsteretic  bistability  in  an  LB  film  of  200  monolayers  of 
Te  i  iris-alkylated- 1 . 10-phenanthroline),  t  NCS)  .  " 

4.  Biosynthetic  electron  transfer  molecules 

4  I  I  XDI  RSI  VMUM,  IXI  R  VXIr  l|  I  (  1  I. \K  I  l  I  (  I  KIIX  I  R  VSsI  I  K 

Taube  pioneered  the  understanding  intramolecular  electron 
transfer  in  solution  involving  binucleur  transition  metal  com¬ 
plexes.  both  D-rr-A  and  D-rt-A  '  More  recently.  efforts 
have  been  made  to  control  the  electron  transler  in  solution 
between  D-<r  =  Creulz-Tauhe  ion  ( R u  l bpx ) , ]  tbpv  is 
2.2-bipyridine)  and  A  methv Iv lologen  :  Miller,  floss  <•/ 
ill  :  '  showed  that  the  intramolecular  electron  transfer  rate- 

through  a  molecule  D-rr-A  at  first  increases  steadily  with  an 
increasing  l0-.-\A  (where  l„  is  the  ionization  potential  of  the 
donor  moiety  D.  A,  is  the  electron  affinity  of  the  acceptor 
moiety  A).  Then,  it  l„-A4  is  increased  further,  the  electron 
transfer  rate  decreases,  because  of  an  increase  in  the  F'ranck- 
Condon  reorganization  (because  now  the  geometries  of  D' 
and  A  are  quite  different  from  the  geometry  of  D  and  A 
respectivelv )  1  4  ( Marcus  "inverted  region  '  ') 

4  2  iviiimim  vridkui  iwiiusisihi  in  viiiih  I  ns  D-rr-A 

Several  large  research  groups  have  tried  to  make  artificial 
photosynthetic  molecules,  of  the  type  D-rr-A.  where  D  is  an 
electron  donor,  such  as  a  porphyrin.  phthalocyanme.  or 
related  molecule,  rr  is  a  covalent  "sigma"  bridge,  i  e  a 
saturated  linkage,  such  as  one  or  several  (2.2  2]-bicvclooctane 
rings,  and  A  is  the  electron  acceptor  i  usually  p-benzo- 
qumone)  one  should  mention  the  groups  of  Mauzerall 
i  Rockefeller  l  C  Weedon  anil  Bolton  (Western  Ontario) 
Dcrvan  and  Hopfield  l(  altech)  ",  Malaga  (Osaka)  “.  Oust 
(Arizona  Stalel  Staah  (Heidelberg)'",  ami  Verhoeven 
(  Amsterdam)  H;  The  results  solar  have  shown  a  rapid  charge- 
transfer  reaction  (OTRi.  hut  also  a  verv  rapid  recombination 
ol  the  charge-separated  stale  hv  a  hack  charge  transfer  reac¬ 


tion  i  B(  I  R )  It  is  hoped,  in  some  quarters,  that  il  one 
organizes  such  D-o-A  molecules  in  I  B  mullilavers  or  other 
assemblies,  the  B(  TR  may  be  suppressed 

4  '  i-oi  i  si  i  \i  vk  i  il  ii  i  vi  i’ll.  j|.  isv  M  m  i  ii  vii  ii  1 1  i  1 1  D-rt-A 

Nature  produces  a  constant  and  abundant  stipplv  ol  caro¬ 
tenes  as  sacriticial  anti-oxuiants  in  living  organisms  these 
carotenes  have  discussed  either  as  'molecular  antennas  '  1 
or  as  molecular  vines"  "  Carotenes  have  been  used  as  the 
"pi"  bridge  ~  between  I)  anil  A  to  yield  D-rr-A  structures 
iD  /n  porphvrm.  x  carotene.  A  antbraqumonel  Alas 
both  C  IR  and  B(  I  R  occurred  a.t  comparable  rates.  i  . 
within  a  lew  ps  ot  the  laser  excitation  "  ' 


N.  Truly  unimuU-eular  devices 

Having  discussed  human  ellorts  to  mimic  Mother  Nature 
in  photos) nihesis.  we  turn  to  ideas  to  achieve  unimolecular 
eleclronii  devices,  or  zero-dimeiision.il  devices 

'  1  i-n<  ii>i  .si  n  D-rr-  \  ri  <  i  ii  ii  k 

The  Ansjtz  of  \v iram  and  Rattier  ■  4  starts  from  the 
discover)  of  high!)  eondueung  lower-dimensional  organic 
charge-transfer  systems  based  on  good  one-electron  donors 
(D)  such  as  tetratlnalulvalene  t'TTF.  D  and  good  organic 
one-electron  acceptors  (  A  i  such  as  C”.x.X-tetracyanoquinodi- 
methan  iTCNQ.  2)  flood  donor  molecules  (/  c  molecules 
with  relatively  low  gas-phase  first  ionization  potentials  l„i 
are.  at  the  same  lime,  poor  acceptors  t the)  have  low  electron 
affinity  Axi;  good  acceptors!/  c.  molecules  with  a  relativelv 
high  first  electron  alfinitv  Ail.  are.  at  the  same  time,  rather 
poor  donors  (have  high  I„)  thus  the  gas-phase  energv  required 
lor  reaction  3  iboth  components  at  infinite  separation)  is 
about  4  eV.  while  reaction  4  would  need  over  4  eV: 

!*:>  .-  •  aviv.  •  rn  •  r,  •  u  <  z  ;.  w  :ov  > 

!"!  1  -  ;t  \M--J  .  rn  C'4  1.  I  \  -\  Hu-V  -M.  -i 
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Thus,  if  one  makes  a  D-rr-A  molecule  Ii1-  5.  and  assembles 
it  somehow  between  two  metal  electrodes  M,  and  M;.  as 
in  6  (discussed  as  \1,  |)-o-A  M ,  in  Section  S  below),  then 
the  direction  of  ease  electron  (low  is  from  M  .  to  M,  because 
n  utilizes  the  zwilteriome  state  D  ' -o-.A  (while  the  electron 
tlow  from  M,  to  M.  would  be  inefficient,  because  the  barrier 
to  form  the  zwitterion  D  -n-A  '  would  be  several  eV  higher) 
l  sing  terms  popularized  hi  Hoffman  '  .  the  Anram-Rainer 
device  can  work  if  the  tunneling  of  electron  from  A  to  D  is 
through  the  bond  system,  and  will  fail  if  the  tunneling 
between  the  metal  electrodes  M,  and  M.  is  predominantlv 
throuuh  space  Molecule  5  was  never  svnthesized.  and  the 
idea  languished  until  the  ORP  started  in  earnest,  as  is  discus¬ 
sed  in  Sections  X  and  4  below 

5  2.  1‘KOI'OSI  I)  H  V  10X1  VM)  I'ROIOS  IR  VSSI  I  R  SWIH  III  S 

Aurain  has  also  proposed  an  intramolecular  hvdrogen 
atom  transfer  switch,  based  on  H  bonding  in  urr/io-quinone- 


\i»  I...  bmi  si  .  (iurnin  i< a  I  s  s  )  i  l */'/ 1 
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catechol  systems  '  *  It  has  been  confirmed  that  there  is 
intramolecular  H  atom  transfer  in  such  a  system 


VI  i  tarn  is  working  toward  a  proton  transfer  switch 
5..V  proposed  SUL  I  lus  sw  i  h  H 

Carter  proposed  that  soliton  motion  m  polyacetv lenes 
could  be  harnessed  in  various  switches,  gates,  and  logic  cir¬ 
cuits.  However,  apart  from  the  difficulties  of  synthesizing  or 
addressing  such  molecules,  soliton  switches  are  expected  to 
be  relatively  slow  devices 

>  4.  hjihiras  LB  phoiuoiudi 

Tujihira  and  co-workers  have  demonstrated  that  a  single 
LB  monolayer  can  function  as  a  photodiode  M:  //it. v  »  prob¬ 
ably  the  first  truly  unimtilecular  th’iue  They  svnthesi/ed  a 
D-crl-A-a2-S  molecule,  where  I )  =  electron  donor=  ferro¬ 
cene.  o1=(CH2)|,  chain.  A  =  final  electron  acceptor  =  viol- 
ogen.  a2  =  (CH,)„  chain.  S  =  sensitizer  -  pyrene  This  mole¬ 
cule  was  transferred  as  an  LB  monolayer  onto  a  semitranspa¬ 
rent  Au  electrode  (with  the  viologen.  or  A.  part  of  molecule 
closest  to  Au);  this  electrode  was  used  as  a  window  of  an 
electrochemical  cell  which  also  contained  a  0.1  M  KCI  sol¬ 
ution  and  a  Pt  counter  electrode.  Under  bias,  an  electron  is 
transferred  from  solution  to  the  ferrocene  end  of  the  LB  film, 
and  then  to  the  ground  state  of  the  pyrene  molecule.  Light 
at  330  nm  excited  the  pyrene  radical  cation  from  the  ground 
state  to  an  excited  slate,  from  which  the  electron  is  transferred 
to  the  viologen.  thus  completing  the  circuit.  A  photocurrent 
of  2  nA  at  0.0  V  vs  SCE  was  observed  only  when  the  light 
was  turned  on  51 . 

5  .  5.  PROPOSI  1)  K1  lO-ENOl  SWITCH 

Sixl  focussed  interest  on  the  photoehromism  of  N-salicyh- 
deneaniline.  where  the  enol  configuration  can  be  converted 
to  the  rran.s-keto  conformation  by  using  light  of  frequency 
v,.  and  converted  back  by  either  heat  or  by  light  of  frequency 
v;.  In  this  case  keto-enol  tautomerism  is  accompanied  by  an 


5.6.  (  ondi  rrivin  <  iianoe  in  LB  films  di  e  io  liohi  indi  <  i  d 

(  (IVM)RM  A  IION.AI.  I  H  ANOI 

Kawabata  et  al.  have  showed  recently  that  a  light-induced 
as-tran.s  conformational  change  in  azobenzene  could  affect 
the  electrical  conductivity  of  a  conductive  LB  film  " 

5.7  POIINNAI  <  ONEORMAIIONAI  l  HAMJL  SYSTEMS 

The  idea  ol  using  organic  molecules  which  undergo  con¬ 
formational  changes  in  optical  storage  devices  is  widespread 
Birge  MH  has  studied  the  primary  step  in  the  photocycle  of 
bacteriorhodopsin  (the  light-harvesting  protein  of  Halobac- 
tenum  halobium),  in  which  the  bacteriorhodopsin  containing 
iW-trans  retinal  ( HR  568 )  can  be  converted  (at  77  K)  with 


two-photon  illumination  at  540  nm  and  635  nm  into  K6|o 
or  bathordohopsin ,  at  lower  laser  powers,  the  same  two- 
photon  illumination  scheme  can  interrogate  which  molecules 
have  converted  to  K6I0.  and  which  remain  in  the  bR  i'6X 
stale  The  K610  state  may  consist  of  a  c/.v-retina!  segment 
The  harnessing  of  such  as-trans  isomerizations  (also  involved 
in  the  physiology  of  the  visual  pigments)  may  some  dav  vicld 
interesting  molecular  devices. 


6.  Device  assembly  ideas 

6  .1  M  AC  ROST  OPU  C  ONNIE  HONS-  LB  m  ms  and  poivim  mi  n  1 1  m  s 

Before  the  proposed  ummolecular  devices  can  be  used  as 
such,  one  must  confront  the  serious  issues  of  controlled 
assembly,  of  device  interrogation,  and  of  device  resetting  at 
the  molecular  level.  In  this  section  we  deal  with  bulk  molecu¬ 
lar  devices.  If  one  cannot  address  a  single  molecule,  one  can 
perhaps  address  a  monolayer  of  identical  molecules  transfer¬ 
red  to  a  suitable  (metal)  substrate  by  the  Langmuir-Blodgett 
(LB)  film  method  Si :  then  many  identical  molecules  can 
be  addressed  electrically,  provided  that  electrical  short  circuits 
through  defects  do  not  occur  However,  LB  monolayers  arc- 
only  weakly  phvsisorbed  to  surfaces,  and  thus  can  desorb 
with  time  This  difficulty  can  be  circumvented,  if  a  photopoly- 
merizable  diacctylene  8Q  group  is  included  in  the  monolayer- 
forming  molecule,  and  if  the  molecular  geometry  is  so  engi¬ 
neered.  as  to  yield  topotaclic  polymerization:  this  can  result 
in  a  very  robust,  yet  electroactive,  polymer. 

6.2.  MACROSCOPIC  CONN PC'TIONS  EHF  SILVL  BRIDGE 

An  alternate  connection  strategy,  devised  by  Murray  to 
study  the  electrochemistry  at  the  electrode  surface  more 
closely,  consists  of  denvatizing  an  oxide -coaled  metal  elec¬ 
trode  surface  with  trichlorosilyl  groups,  then  reacting  this 
surface  with  the  desired  molecule  which  has  a  terminal  alco¬ 
hol  group:  this,  however,  does  not  usually  give  full  monolayer 
coverage  on  the  metal.  The  reverse  strategy,  advanced  by 
Sagiv.  of  silamzing  the  molecule  and  attaching  it  to  an  oxide 
and  hydroxvl-group-covered  metal  surface,  claims  to  achieve 
full  monolayer  coverage  81 . 

6.3  PROPOSH)  MACROSCOPIC  CONN!  CHONS  T  Y  C  l.ODFX  1  R1NS  AND 
<  ALIXARFNF.S 

The  existence  of  cavities  of  precisely  controlled  size  within 
cvc/odextrins  and  calixarenes  allows  the  inclusion  of  small 
elcctroactive  molecules  within  these  cavities,  and  yet  provide 
well-formed  macroscopic  crystals  with  the  desired  inclusions 
precisely  oriented  within  them  55  ,6. 


7.  How  to  connect  to  a  unimolecular  electronic  device 

7.1.  PROPOSED  MOLF.Cl.LAR  WIRES 

The  carotenes  and  other  conjugated  linear  polyenes  have 
been  touted  as  "molecular  wires"  or  as  "molecular  anten¬ 
nas"  ,2.  and  certainly  will  provide  fast  electronic  access  to 
single  molecules.  These  polyenes  are,  unfortunately,  very 
susceptible  to  air  oxidation  (as  is  the  simplest  conducting 
polymer,  doped  polyacetylene). 
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7 . 2.  PKOHOSI  [)  SPIRO  l  INK  I  n  I  Ml<  'I’M  I  SI  IS  I  I  Kl  I  R<  I  II  (  OS  SO  I  M  INS 

Aviram  has  proposed  "  a  spiro-linked  poKlhiophene  sys- 
tem  as  a  possible  interconnection  between  conducting  "mol¬ 
ecular  wires"  based  on  n  or  /i-doped  poKlhiophene. 


3  MO!  I  l  I  I  V K  SI'V  |  RS 

Miller  el  al  have  shown  how  several  successive  Ifiels-Alder 
ev’ndensation  reactions  can  yield  insulating,  vet  sturdy.  LB 
film-forming  oligomers  of  controlled  length  '4 

4  SI  V  SSI  SI ,  n  SSI  I  I  SI ,  MU  RI)S(  I IPS 

The  recent  advent  of  affordable  scanning  tunneling  micro¬ 
scopy  iSTM)  "  should  let  us  address  electronicallv  a  single 
molecule.  If  this  becomes  easily  controllable  and  reproduc¬ 
ible.  then  a  real  revolution  in  ML  devices  should  be  "lust 
around  the  corner”. 


8.  Review  of  the  organic  rectifier  project 

This  section  reviews  the  progress  made  by  the  ORP 
towards  the  synthesis  and  characterization  of  the  Aviram- 
Ratner  rectifier  6  (M,  D-cr-Ai  M.l:  the  efforts  to  detect 
rectification  are  reviewed  in  Section  4 

X  I  .  SI  RAII  (.11  s  H)R  XSSI  MBI  V  ol  D-I7-A  1)1  VII  I  s 

.As  discussed  above,  to  address  a  single  molecule  electri¬ 
cally.  one  needs  a  "molecular  wire”  (e  g.  a  polyacely lene 
strand!  or  a  "molecular  antenna"  (e.  g.  the  conjugated  por¬ 
tion  of  |i-carotcne).  neither  of  which  can  be  easily  connected 
to  an  external  potential  source,  at  present.  I  ntil  the  recent 
advent  of  the  STM.  one  could  not  connect  a  single  molecule 
to  an  external  circuit  Therefore,  when  the  ORP  was  initiated, 
in  about  1981.  to  realize  the  Aviram- Ranter  rectifier,  one 
had  to  content  oneself  with  assemblies  of  molecules  The 
three  techniques  that  showed  promise  were  (D  the  LB 
technique  ".  and  the  technique  of  covalently  bonding 
molecules  to  electrode  surfaces,  either  by  tiil  silam/ing  a 
hydroxyl-coated  electrode,  then  attaching  molecules  cova¬ 
lently  ‘*l>.  or  In)  by  silam/ing  the  molecule,  and  attaching  it 
directly  by  spin-coating  by  the  oleophobic  method  u:  to  a 
hydroxyl-coated  electrode  g|.  As  discussed  above,  good 
monolayer  coverage  is  claimed  for  the  latter  method  41  but 
not  for  the  former  method  ‘m. 

The  ORP  was  committed  to  the  LB  technique  Then,  of 
course,  one  then  needs  LB  films  that  are  defect-free  in  the 
lateral  dimension,  at  least  to  within  the  area  probed  electri¬ 
cally  Of  course.  LB  monolayers  do  have  many  microscopic 
and  macroscopic  defects 
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There  are  several  interlocking  criteria  that  must  be  satisfied 
for  the  rational  synthesis  of  suitable  D-o-A  systems: 

(i)  l„  for  the  donor  ’’rid  D  must  be  as  small,  and  as  close 
as  possible  to  the  work  function  ip  of  the  metal  layer  M, 
Typical  values  are  listed  in  Table  I 

(ii)  A,  for  the  acceptor  end  (Table  I)  mist  be  as  large  as 
possible,  and  as  close  as  possible  to  the  work  function  <p  of 
the  metal  layer  M,  It  is  clear  from  Table  !  that  requirements 
(i)  and  (n)  can  be  me'  only  approximately. 


fable  I.  —  Lxperimenlal  ionization  potentials  I,,  for  selected  good 
donors  I).  experimental  electron  affinities  A,  lor  selected  good  accep¬ 
tors  A.  and  work  functions  ip  lor  selected  metals  M,.  M, 


l„  eV 

A  v  eV 

O  eV 

I  M PI)  i7)  h  2S 

MIX)  (9) 

'  1  > 

Al  <  '4 

m  iii  h s< 

R  NL>  (2) 

:  x 

Xu  4  sg 

Pvrene  18)  '41 

(  hlo,.,ml  1 1(1) 

: 

Pt  '  29 

H3CnCH3 

H3CN"CH3 

7 

IXIPO 


O 


CL 

ci'St'cn 

o 


Py 


9 

DOQ 


o 

i  o 

Ch! 


ini)  In  a  molecule  in  which  the  "sigma"  bridge  has  already 
been  built  .  it  is  extremely  difficult  to  convert,  in  situ,  by 
chemical  synthesis,  a  weak  donor  into  a  strong  donor,  or  a 
weak  acceptor  into  a  strong  acceptor  Therefore,  instead,  one 
must  synthesize  a  series  of  mono-substituted  strong  donors, 
and  mono-substituted  strong  acceptors,  which  can  be  joined 
by  some  coupling  reaction  which  can  avoid  the  usual,  and 
undesirable,  formation  of  ionic  charge-transfer  complexes 
such  a  coupling  reaction  is  the  urethane,  or  carbamate  cou¬ 
pling  reaction,  pioneered  for  a  (-o-TTF-rt-TCNQ-),  copoly¬ 
mer  by  Hertler  and  adapted  to  monofunctional  derivatives 
by  Baghdadchi  g' 

tiv)  The  molecules  must  pack  efficiently  into  self-assem¬ 
bling  monolayers.  If  the  designed  molecule  does  not  form 
Pockels-Langmuir  (PL)  ln'  "  self-assembling  monolayers  at 
the  air-water  interface,  then  either  long  aliphatic  "greasy 
tans"  must  be  added  to  form  a  hydrophobic  tail,  or  an  ionic, 
hydrophilic  "head"  should  be  added  The  molecules  should 
be  fairly  fiat,  so  as  to  form  compact  films,  yet  flexible  enough, 
so  as  transfer  well  (by  the  vertical  dipping  method)  as  LB 
films. 

(v)  The  synthesis  of  the  acceptor  should  be  relatively  easy, 
and  should  occur  in  high  yield  The  acceptor  used  in  the  early 
work  of  the  ORP  was  BHTC'NQ.  11.  whose  synthesis  g'*  45 
contained  a  very  inefficient,  low-yield  step  A  new.  better 
monolunctionalized  TCNQ  acceptor,  prepared  in  high  yield, 
was  HETCNQ.  12  " 


(vi)  The  electron  transfer  through  the  D-a-A  molecule, 
and  through  its  hydrophobic  or  hydrophilic  tails,  must  be 
fast:  as  said  above,  a  molecular  deuce  that  is  small  but  slow 
is  not  predicted  to  he  useful  That  electron  transfer  is  fast 
through  properly  designed  molecules,  e  g  the  photosynthetic 
reaction  center,  is  well  known  The  work  of  Miller  et  al  '* 
reviewed  above,  shows  that  a  balance  must  be  struck  between 
the  requirements  implied  by  the  ionization  potentials  and 
electron  affinities  of  Table  I.  and  the  resulting  lD-A*  values, 
and  those  of  the  Franck-Condon  factor 
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Table  II.  —  Pressure- Area  isotherm  Jala  lor  Pockels-Lungnunr  films  11  and  A  are  the  pressure  and  moleeular  area.  respectively.  ai  ihe 
eollapse  point  $  indicates  that  the  film  makes  Z-tvpe  LB  multilasers  (substrate  at  22  C.  film  at  VC 'I 


T 

ii 

A 

Molecule 

No 

T>  pe 

K 

mN  m 

A-' 

TTF-C-BHTCNQ 

13 

strong  l) 
strong  A 

2^2 

12  ' 

i  '4  t  50 

DDOP-C  BHTCNQ 

14 

weak  O 

strong  A 

292 

2()  2 

so  t  1 

BDDAP-C-BHTCNQ 

15 

medium  D 
strong  A 

29* 

4-  ; 

S'  t  1 

P>  C  BHTCNQ 

16 

medium  D 
stri>ng  A 

2s  * 

2S.2 

53  i  1 

BDDAP-C- HFTCNQ 

17 

medium  l) 
strong  \ 

29} 

40  0 

44  i  1 

Py-C-HETCNQ 

18 

medium  D 
strong  A 

29} 

46 

BDDAP-t  HMTCAQ 

14 

medium  I) 

weak  A 

29} 

5*  t  1 

BHAP-C  HMTCAQ 

20 

medium  D 

w  ea  k  \ 

29* 

45  s 

42  *  1 

DDOP-C-FNP 

8  21 

weak  l) 

weak  A 

2”s 

:  ’ 

t.x  t  1 

TDDOP-C -FNP 

8  22 

weak  D 

weak  A 

2~X 

M  II 

'6  t  1 

TD DOP-C  HFTCNQ 

823 

weak  D 
strong  A 

2S3 

47  5 

54*  I 

MTDAP-C'-FNP 

8  24 

weak  D 

weak  A 

:?* 

16.5 

63  ±  1 

>o 

BHUPCaafTCAO 


(vit)  The  device  6  must  have  a  Unite  tolerance  l’or  high 
voltages  or  heating. 

8.  .V  1  SM.MI  IR  BLOIXItrt  HLMS 

We  present  in  Table  II  an  updated  catalog  of  molecules 
(13-24)  prepared  by  the  ORP.  which  form  PL  monolasers 
at  the  air-water  interface,  and  which  transfer  well  onto  AI 
or  glass  or  other  slides  as  LB  monolayers.  TTF-C-BHTCNQ. 
13.  was  difficult  to  purify;  the  'neutral''  form  seemed  to 
deposit  "pancake-style"  onto  the  water,  and  synthetic  diffi¬ 
culties  forced  its  abandonment.  The  strongest  films  (highest 
collapse  pressure,  most  vertical  pressure-area  isotherm)  were 
obtained  with  BDDAP-C-BHTCNQ.  15  (Fig.  I).  The  accep¬ 
tor  HMTCAQ  used  in  19  and  20  was  easy  to  prepare 
but  is  well  known  to  be  a  weak  two-electron  acceptor,  with 
a  highly  non-planar  geometry  2i. 

Molecules  21-24  are  model  systems  for  a  related  project, 
which  aims  to  incorporate  D-a-A  systems  into  LB-film-form- 
tng  diacetylenes,  which  may  be  polymerized  in  situ  on  the 
film  balance,  for  the  purpose  of  preparing  new  systems  with 
promise  as  non-linear  optical  devices.  Interestingly.  21-24 
form  Z-type  multilayers  on  a  glass  substrate  (the  film  sub¬ 
phase  is  held  at  5°C  but  the  slide  is  at  room  temperature). 
An  attempt  was  made  to  see  whether  any  second  harmonic 
signals  could  be  detected  from  Z  multilayers  of  23.  but  the 
result  was  negative,  maybe  because  the  Z-type  multilayers 
may  have  reorganized  with  the  time  elapsed  between  deposi¬ 
tion  and  measurement  g  . 

N  4  i  •.  i  i  m  ini  i  \m\ii  un 

One  donor  (DMAP-C-Me.  25).  several  acceptors  (2.  11. 
12.  and  HMTCAQ.  26)  and  several  D-ct-A  molecules  (14. 
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17.  18.  21.  22  and  23)  were  characterized  by  cyclic  voltamme¬ 
try  (CV).  The  results,  summarized  in  Table  III.  confirm  that 
the  carbamate  linkage  does  preserve  the  oxidation  (reduction) 
potentials  of  the  D(A)  ends  of  the  D-a-A  molecules. 

X,  5.  (  RVSI  VL  SIRIttlRIS  ()(-  MODI  L  DONOR  V(  (  FPTOR  \N1) 

D-a-A  Mot  n  i  us 

A  few  crystal  structures  have  been  solved:  for  the  donor 
DMAP-C-Vfe.  25  12  (Fig.  3)  for  the  acceptor  BHTCNQ. 
11  '*  (Fig.  4),  and  for  the  methyl  ester  (AETCNQ.  27)  of 
the  acceptor  HETCNQ.  12  '*  (Fig.  f).  The  small  difleici.c 
in  conformation  between  AETCNQ  and  BHTCNQ  can  be 
attributed  to  crystal  packing  forces,  rather  than  to  intramolc- 


nrN'r°^Q 


» i 

DOOPC-&NP 

H 


WTDAP  C-£  NP 


Figure  1.  -  Pressure-area  isotherm  of  BDDAP  C  BHTC  NQ.  15.  at 
29''  K  1 1  5) 

cular  effects.  Naturally,  amphiphilic  molecules  that  form  LB 
films  will  not  usually  crystallize,  because  of  the  usual  aliphatic 
"tails"  added  to  them.  However,  we  have  solved  the  struc¬ 
tures  of  two  D-rr-A  molecules  which  do  not  form  PL  or 
LB  films:  Ph-C-BHTCNQ.  28  '  (Fig.  6).  and  DMAP-C- 
HMTCAQ.  29  *■'  (Fig  7)  Both  structures  show  an  extended 
carbamate  linkage:  in  Ph-C-BHTCNQ.  the  dihedral  angle 
between  the  phenyl  ring  and  the  six-membered  central  ring 
of  BHTCNQ  is  only  8°  ",  This  gives  hope  that  in  LB  films 
of  related  D-a-A  molecules  the  carbamate  linkage  will  also 
be  extended. 


Table  111.  —  Solution  cyclic 

voltammetric  potentials 

All  data  were  obtained  at  ; 

t  Pt  electrode,  and  are 

given  in  Volts 

vs  SCE 

Oxid  ( 1 )  D  —  D* 

Oxid  (2)  D  '  —  D  ‘  ' 

Red.ll)  A 

—  A 

Red.  (2)  A 

—  A 

Molecule 

Vo. 

£]  2 

EP  C  : 

T.  : 

F-r 

F-,  2 

Ref. 

Donor 

DMAP-C-Me 

25“ 

0.58  0.55 

1  3 

■Acceptor'; 

TCNQ 

2* 

0.19 

-0  35 

9B 

TCNQ 

l' 

Oil 

0.13 

-0  46 

-0.4.3 

25 

BHTCNQ 

11* 

0.305 

-0.170 

* 

HETCNQ 

12* 

0.107 

-0.398 

1  M 

HMTCAQ 

26* 

-0.372 

-0.333 

10 

D-n-A 

DDOP-C- BHTCNQ 

I4J 

1  21 

0  25 

-0.07 

H 

BDDAP-C- HETCNQ 

17' 

0.66i 

1.10 

0.02 

-  0.49i 

S4  9 

Py-C-HETCNQ 

18' 

1.04  101 

I.IX  1.15 

0.1 1 

O.OX 

-0.32 

—  0.35 

BHAP-C-HMTCAQ 

20 

063  0.60 

-  0.39 

-0.36 

TDDOP-C- HETCNQ 

23 

I  02i 

0.10 

0,07 

-0.50 

-0.47 

2  5 

DDOP-C-ENP 

21' 

142  139 

1.16 

113 

:s 

TDDOP-C-ENP 

22' 

1.17, 

1  12 

-  1  15 

2  5 

MTDAP  C-ENP 

24' 

0.57  0  54 

-  1 .09 

-  1  06 

** 

"  Solvent  CHjCN  Reference  electrode  SCF.  A  peak  at  0.37  V  ireturn  scan)  grows  with  successive  cycles,  and  is  indicative  of  dimer  or  polymer 
formation  11  *  Solvent.  CH,CN  Reference  electrode.  SCF.  '  Solvent  CH2C!CH_,C1  Reference  electrode:  Ag|Ag01.  An  offset  correction  of 
0  15  V  has  been  applied  to  convert  the  values  to  V  vs.  SCE.  4  Solvent  CH,CN  Reference  electrode:  Ag|AgNO,.  An  offset  correction  of 
0.320  V  has  been  applied  to  convert  the  values  to  V  vs  SCE.  '  Solvent  CH.CICH.CI  Reference  electrode:  Agj  AgCI.  An  offset  correction  of 
0  19  V  has  been  applied  to  convert  the  values  ot  V  vs  SCE 
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Figure  2.  Cyclic  volt.miniograni  of  BPDAP-t  -IIFTCNQ.  17 


Figure  .1.  -  ORTFP  II  plot  of  (he  crystalline  structure  of  DMAP- 
( -Me.  25  1  ■’  Space  croup  Rhtu  (#ftlt.  n  --  I 3  426.  h  'I  UUP. 
i  -  14  X54  A.  /-A,  R  -  5  9“n  lor  7X6  reflections 
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As  reported  previously  :i  semi-empirical  molecular  orbital 
(MO)  calculations,  using  the  MNDO  algorithm,  with  lull 
geometry  optimization,  in  program  MOPAC.  have  been  per¬ 
formed  on  D-rr-A  molecules,  to  predict  their  geometry,  and 
also  their  HOMO  and  I  I  MO  energies  The  structure  as 
drawn  bv  program  ORTFP-II  using  typical  van  der  Waals 


atomic  radii  (12  A  for  H.  12  A  lor  (. .  I  5  A  lor  O.  I  35  A 
tor  F.  and  I  b5  A  for  S)  are  shown  in  Figures  K- 1 2  ((he  van 
der  Waals  shape  is  viewed  from  the  A  end  of  the  molecule) 
Also  given  are  the  HOMO  (-1D)  and  LI  MO  ( -A A )  energies, 
and  also  the  differences  I,,-Aa  and  l,-AB  discussed  in  Lqua- 
lions  3  and  4  above 

Overall,  the  MNDO  structures  are  extended,  as  expected, 
but  there  are  some  small  surprises:  in  while  the  data  ot 
Table  II  suggest  that  in  a  PL  film  Py-C-BHTCNQ  is  a 
relatively  Hat  molecule.  Figure  II  introduces  a  twist  in  the 
carbamate  linkage,  (n)  while  the  data  of  Table  II  suggest 
a  well-packed  BDDAP-C-BHTCNQ  molecule.  Figure  ID 
shows  a  conformcr  in  which  the  bis-hexyl  "tails"  are  not  well 
aligned  with  each  other:  (hi)  while  (he  crystal  structure  ol 
BMAP-C-HMTCAQ  shows  that  both  dicyanomeihy lene 
subtituenls  on  (he  anthracene  ring  deviate  from  the  plane  in 
the  same  direction.  MNDO  gave  them  a  "corkscrew"  twist 
in  Figure  12  The  MNDO  ionization  energies  l„  are  probably 
I  to  2  eV  high,  as  expected  from  a  Koopman's  theorem 
calculation:  the  size  of  the  difference  (I!)-Aa)-(Ia-A„)  is  as 
large  as  expected,  but  some  of  the  1 values  are  not  as  low 
as  hoped 


X.7.  1-01  HU  R  I  R  V  Ssl  OR  VI  IS1RVKII)  SPKIRV  ot  D-rr-A  MONO- 

I  VSIKS 

Grazing-angle  Fourier  transform  infrared  (FTIR)  spec¬ 
tra  of  monolayers  of  BDDAP-C -HMTCAQ.  BDDAP-C- 
BHTC'NQ.  and  TDDOP-C-HETCNO-  have  been  measured, 
and  reported  previously  :J.  The  C-FI  stretch  bands  arc- 

well  resolved,  even  for  a  single  monolayer,  and  a  broad 
structure  at  about  3  500  cm  1  is  seen  for  "fresh"  samples, 
but  disappears  for  samples  older  than  about  60  days:  this 
may  be  water  trapped  between  the  LB  film  layer  and  ihe 
aluminium  layer,  but  the  identification  is  not  certain  ( the 
films  were  not  studied  in  vacuum). 


9.  Rectification  attempts 

We  discuss  here  seven  attempts,  by  the  ORP  and  by  others, 
to  detect  rectification. 

In  the  first  experiment  a  2  mm  diameter  droplet  of  Hg 
was  used  to  probe  the  conductivity  across  a  single  monolayer 
LB  film  deposited  on  either  Pt  or  conducting  tin  oxide  glass: 
the  sandwiches: 

(i)  Pt  j  DDOP-C-BHTCNQ  [  Fig. 

(ii)  Pt  |  Py-C-BHTCNQ  |  Hg.  and 

(iii)  conducting  SnO,  glass  J  DDOP-C-BFITCNQ  \  Hg 
were  thus  tested:  in  all  eases  the  background  conductivity 
of  the  solid  support  was  measured,  presumably  because  of 
microscopic  pinholes  in  the  LB  film,  which  may  have  been 
formed,  in  part,  by  the  damage  that  the  Hg  drop  can  do  on 
the  film  surface  8. 

in  the  second  experiment  :n.  in  the  hope  that  maybe  defects 
may  be  avoided,  statistically,  in  a  domain  of  the  order  of 
about  0  5  mm  *  0.5  mm.  if  one  searched  through  enough 
samples,  the  left-hand  half  of  fifteen  glass  microscope  slides 
was  coated  (using  a  mask)  with  five  parallel  fingers  of  Al  at 
least  500  nm  thick.  3.5  mm  long,  and  16  mm  wide.  Then  the 
fifteen  slides  were  coated  with  a  single  LB  monolayer  of 
BDDAP-C-BHTCNQ.  15.  at  room  temperature  Then  the 
slides  were  coated  again  with  five  fingers  of  Al.  but  this  time 
on  the  right  hand  side  of  the  slide,  so  that  (he  vertical  overlap 
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Figure  4.  -  ORTF.P  II  plot  ol  BHTC  NQ.  II  IJ  Space  group  /’2.  n 
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Figure  7.  ORTFP  II  plot  ot  the  crystalline  structure  of  DMAP-C-H 
<  I }  541  A.  -1  -  40  67’.  p  =  44.15’.  /  =  4X  62’.  /=  2.  R  =  12  7%  for  I  X39 
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Figure  8.  Structure  Hop).  MNDO  conformation  t  middle).  and 
MMX)  can  der  Wauls  chape,  viewed  from  the  acceptor  end  i bot¬ 
tom  i  tor  TTF-C-FHTCNQ.  a  variant  of  TTF -( -BH  Tt  NQ.  13. 

I,,-"  N-cV.  Av-:x-sev.  i„-.a, i,-a„-9  44'o\ 


Figure  9.  Structure  Hop).  MNDO  conformation  ( middle I.  and 
MNDO  can  der  Waals  shape,  viewed  from  the  acceptor  end  i bot¬ 
tom  l.  for  Ph-C  I  HTVNQ.  a  variant  of  Ph-C'-BHTONQ.  28. 
I„  9  Ml  eV.  -  2  s>4,  e\  .  I„  A,  -  h  :oo  e\  l,-,A()  -  9  4')'  eV  :i 


Figure  10,  Structure  (top).  MNDO  conlormation  (middle),  and 
MNDO  van  der  Waals  shape,  viewed  from  the  acceptor  end  l bottom) 
for  BHAP-O  FHTt'NQ.  a  variant  of  BDDAP  (  BHTCNQ.  15 
l„-X7f,7eV.  A,  =  2  936  eV.’  I„  A,  =  5  X3-I .  I,  A, ,-9461  eV  ’’ 


Figure  II.  Structure  (topi.  MNDO  conformation  (middle),  and 
MNDO  van  der  Waals  shape,  viewed  from  the  acceptor  end  (bot¬ 
tom).  for  Py-C-FHTCNQ.  a  variant  of  Py-C-BHTCNO;  16; 
lD  -  8.192  eV,  A,  =  2.957  eV.  ID-A,  =  5.235  eV.  Ia-Ad  =  8  347  eV  21 
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Later.  Sambles'  and  Ashwell's  group  found,  in  a  juii 
experiment,  that  an  LB  film  of  Z-p-  ( 1 -hexadecyl-  4-quino- 
linium  l-K-cyano-d-stryryldiryanometamd?  (C,,.H5  j-QJCNQ. 
77).  a  D-rt-A  molecule,  similarly  sandwiched  between  Pt  and 
Mg  electrodes  (the  latter  shadowed  with  Ag)  also  showed 
macroscopic  rectification  behavior  ’  However  it  has  not  yet 
been  excluded  that  the  observed  I-V  curves  are  not  due  to 
dipolar  association  (e  g  between  Mg  and  TCNQ)  or  to  other 
Schottky  barriers  J' 

The  ORP  has  recently  acquired  a  STM  (Digital  Instrument 
Nanoscope  II)  of  its  own.  and.  in  a  seventh  experiment,  has 
studied  monolayer  LB  films  of  BDDAP-C-HETCNQ  and 
Py-C-HETCNQ.  transferred  onto  highly  oriented  pyrolytic 
graphite  (Union  Carbide  grade  ZYA)  by  a  horizontal  lifting 
technique  Pt  Ir  "nanolips"  (Digital  Instruments)  were  used 
At  low  set-point  currents,  some  asymmetries  in  the  current- 
voltage  plots  can  be  seen  In  preliminary  work  with  BDDAP- 
C-HETCNQ  and  Py-C-HETCNQ,  the  image  of  graphite  is 
replaced  by  what  seems  to  be  an  image  of  the  film  100 


Conclusion 

We  have  outlined  here  several  topics  in  ME.  and  hope  to 
have  convinced  the  reader  that  many  exciting  prospects  exist 
in  this  infant  field 


Figure  12.  -  M N DO  conformation  (topi,  structure  ( middle  1.  and 
MNDO  van  der  Waais  shape.  viewed  from  the  acceptor  end  ibot- 
toml  of  BMAP-C-HMTCAQ.  29.  I„  =  9.052  eV.  A,,  =  2.62~eV. 
I„-A,  =  6.425.  l„-Ao  =  9  220  eV  :f 


All  BDDAP-C-BHTCNQ!  A1  would  be  in  an  area  of  only 
about  0.5  mm  *  0.5  mm.  Of  the  75  junctions  thus  prepared, 
many  were  open  circuits;  the  rest  were  short  circuits.  Thus, 
a  defect-free  domain  of  BDDAP-C-BHTCNQ  had  not  been 
found 

In  the  third  experiment.  Aviram.  Joachim,  and  Pomerantz 
reported  in  1988  84  (and  later  retracted  s5)  that  rectification 
had  been  observed  in  a  modified  STM.  for  the  molecule 
shown  in  Section  5.2  above,  which  had  been  originally  desi¬ 
gned  as  internal  hydrogen  atom  transfer  switch  (and  not  as 
a  rectifier).  The  claim  for  molecular  rectification  was  later 
retracted  85. 

In  the  fourth  experiment.  Dr  Pomerantz  studied  with  his 
modified  STM,  an  LB  mololayer  of  BDDAP-C-BHTCNQ. 
15.  deposited  on  a  Au|Agjmica  substrate,  using  an  ato¬ 
mically  sharp  W  tip,  as  the  couple  W|  BDDAP-C- 
BHTCNQ  |Au.  Large  "rectification"  currents  were  observ¬ 
ed21,22,  but  later  control  experiments  by  Dr  Pomerantz 
showed  that  this  “rectification  effect",  with  very  large  cur¬ 
rents,  could  occur  in  the  absence  of  any  molecule.  Disclaimers 
for  the  preliminary  results  were  issued  21  22 

Recently,  in  a  fifth  experiment,  Sambles  et  al  at  the  Uni¬ 
versity  of  Exeter  found  that  a  monolayer  of  BDDOP-C- 
BHTCNQ,  sandwiched  between  Pt  and  Mg  electrodes, 
behaved  as  a  rectifying  LB  film  Jft. 
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Pockels-Langmuir  and  Langmuir-Blodgett  monolayer  films  have  been  found  for  the  2-(4-nitrophe- 
nyllethyl  esters  of  .V-(4dodecoxyphenyl)carbamic  acid  (DDOP-C-ENP,  7)  and  lV-(3,4,5- 
tridodecoxvphenyDcarbamic  acid  (TDDOP-C-ENP,  9)  and  also  for  the  (2-hydroxyethoxy)-7,7,8,8-tetra- 
cyanoquinodimethane  ester  of  N-(3,4,5-tridodecoxvphenyl)carbamic  acid  (TDDOP-C-HETCNQ,  10).  How¬ 
ever,  monolayers  were  not  formed  for  the  2-(4-nitrophenyl)ethyl  esters  of  N-(  3,5- 
didodecoxyphenyllcarbamic  acid  (BDDOP-C-ENP,  8).  The  pressure-area  isotherms  vary  greatly  depending 
on  the  number  of  dodecoxy  groups  attached  to  these  donor-o-acceptor  molecules.  The  film  strength 
improves  dramatically  by  lowering  the  subphase  temperature.  The  molecular  area  appears  to  be  defined 
by  the  acceptor  end  for  DDOP-C-ENP,  7,  but  by  the  dodecyoxy  donor  end  (for  both  TDDOP-C-ENP, 
9,  and  TDDOP-C-HETCNQ,  10).  Noncentrosymmetric  Z-type  LB  multilayers  are  obtained  for  DDOP- 
C-ENP,  TDDOP-C-ENP,  and  TDDOP-C-HETCNQ.  This  suggests  some  interesting  nonlinear  optical 
properties  for  these  multilayers. 


1.  Introduction 

A  recent  report  from  these  laboratories  discusses  the 
formation  of  monolayer  films  of  molecules  of  the  type 
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D-(t-A,  where  D  is  an  organic  one-electron  donor,  cr  is  a 
covalent  a  bridge,  and  A  is  an  organic  one-electron 
acceptor.1  These  molecules  are  of  interest  in  the  con¬ 
struction  of  unimolecular  organic  rectifiers,2^13  which  are 
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based  on  the  idea14  18  that  electrical  current  path  will  be 
unsymmetrical  within  molecules  D-<r-A,  because  the  zwit- 
terionic  state  D+-<r-.V  is  much  lower  in  energy  than  the 
state  D~-<t-A+.  If  these  D-a-A  compounds  can  be  orga¬ 
nized  as  a  monolayer  between  two  conventional  metal 
films  Mt  and  M2  as  ordered  structures  M[|D-ff-A|M.»,  1. 
then  the  asymmetry  of  the  molecular  orbitals  of  the  D- 
(t-A  molecules  would  ensure  that  electron  transfer  is  pre¬ 
ferred  in  one  direction  over  the  other. 


M. 


Da  A 
D-a-A 
Da  A 


1 


M2 


The  present  efforts2  13  to  synthesize  and  test  the  organic 
rectifier  concept  assume  that  the  best  technique  for  its 
assembly  is  the  Langmuir-Blodgett  film  technique.19  21 
For  this,  the  D-a-A  molecule  must  be  an  amphiphilic  mol¬ 
ecule;  i.e..  either  the  D  end  or  the  A  end  must  be  made 
hydrophilic  and  the  opposite  end  hydrophobic.  On  a  Lang¬ 
muir  trough,  or  Pockels-Langmuir-Adam-Wilson- 
McBain  balance,  or  film  balance,  the  amphiphilic  mole¬ 
cules  self-assemble  as  a  monolayer  (hereinafter  called1  a 
"Pockels-Langmuir"  (PL)  monolayer  in  honor  of  Agnes 
Pockels  (186  2-19  3  5)26  and  Irving  Langmuir  (1881- 
1957)).  The  monolayer  must  transfer  well  (i.e.,  with  a 
transfer  ratio  close  to  1.00)  to  a  solid  substrate,  thus  form¬ 
ing  a  Langmuir-Blodgett  (LB)  film  (named  after  Lang¬ 
muir  and  Kathleen  Blodgett  (1898-1979)). 2tK2S  As  reported 
elsewhere,110"12  we  have  prepared  several  such  mole¬ 
cules  (1-6),  shown  in  Figure  1:  all  of  them  form  both  PL 
and  LB  films. 

Recently,  indications11121718  that  two  such  molecules 
(including  BDDAP-C-BHTCNQ,  4)  did  exhibit  rectifica¬ 
tion.  when  deposited  on  a  Au|Ag|mica  support,  and  probed 
by  scanning  tunneling  microscopy,  were  later  found  to 
be  due  to  some  unexplained  artifact  of  the  W 
tip|Au|Ag|mica  couple.2. 
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Figure  1 .  Structures  of  D-a-A  molecules  that  do  form  PL  month 
layers,  from  ref  1  and  1 1 . 


Figure  2.  Structures  of  D-a-A  molecules  reported  in  this  study. 

Here  we  report  on  PL  and  LB  film  formation  of  four 
novel  D-a-A  compounds  (Figure  2):  (i)  the  2-(4- 
nitrophenyllethyl  ester  of  .V-(4-dodecoxvphenyl)- 
carbamic  acid  (DDOP-C-ENP,  7),  (ii)  the  2-(4-nitrophe- 
nvDethyl  ester  of  iV-4-(3.5-didodecoxyphenyl)carbamic  acid 
(BDDOP-C-ENP,  8),  (iii)  the  2-(4-nitrophenyl)ethyl  ester 
of  A/-(3,4,5-tridodecoxyphenvl)carbamic  acid  (TDDOP- 
C-ENP.  9).  and  (iv)  the  (2-hvdroxyethoxy)-7,7,8,8-tetra- 
cyanoquinodimethane  ester  of  N-(3,4,5-tridodecoxyphe- 
nvbcarbamic  acid  (TDDOP-C-HETCNQ,  10).  The  donor 
ends  of  7-10  are  in  fact  rather  weak  electron  donors,  sim¬ 
ilar  to  the  donor  end  of  DDOP-C-BHTCNQ,  3;  the  accep¬ 
tor  end  of  7-9  is  again  a  weak  electron  acceptor,  useful 
only  as  a  readily  accessible  model  acceptor  group.  The 
acceptor  end  of  10  is  the  strong  one-electron  acceptor 
TCNQ. 28,29  Preliminary  data  for  10  have  been  pre¬ 
sented  elsewhere.11 
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Figure  3.  Synthetic  scheme. 

Our  rationale  in  choosing  these  D-u-A  molecules  was 
to  see  if  stronger  films  would  result  when  the  cross-sec¬ 
tional  area  of  the  alkyl  tails  better  matched  that  of  other 
portions  of  the  molecule.  Thus  BDDAP-C-BHTCNQ, 
4.  with  a  TCNQ  acceptor  and  two  alkyl  tails,  forms  more 
rigid  PL  monolayers  than  DDOP-C-BHTCNQ,  3,  which 
also  has  a  wide  TCNQ  acceptor  but  only  one  alkyl  tail.10 
On  this  basis,  we  might  expect  DDOP-C-ENP,  7  (one 
tail),  to  make  the  weakest  film,  with  BDDOP-C-ENP,  8 
(two  tails),  TDDOP-C-ENP,  9,  or  TDDOP-C-HETCNQ, 
10  (three  tails),  forming  better  ones.  We  have  found  that 
monolayer  formation  does  indeed  depend  strongly  on  the 
number  of  tails,  but  the  relationship  is  complex. 

In  addition,  we  report  that  LB  multilayers  formed  from 
these  compounds  are  of  the  "Z  type";  i.e..  they  are  non- 
centrosymmetric,  with  a  head-to-tail  packing  as  in  11  below 
(where  the  bars  indicate  the  solid  substrate,  e.g.,  glass). 
These  multilayers  may  be  expected  to  have  unusual  non¬ 
linear  optical  (NLO)  properties,  such  as  frequency  dou¬ 
bling. 

|D-rj-A  D-rr-A  D-<t-A  D-fr-A 
|D-<r-A  D-u-A  D-tf-A  D-<t-A 
|D-/r-A  D-'T-A  D-fr-A  D-ft-A 

11 

2.  Experimental  Section 

Synthesis.  Summary.  As  shown  in  Figure  3,  the  synthe¬ 
ses  started  from  the  phenols  12,  which  were  activated  by  the 
trident  tris(3.6-dioxaheptyl)amine  (TDA.  tris[2-(2-methoxyethox- 
y lethyljamine)  as  a  phase-transfer  catalyst,  as  described  by 
Soula.  '  The  resulting  alkoxy  esters  13  were  saponified  to  give 
the  alkoxy  acids  14,  which  were  converted  to  the  acyl  chlorides 
15  with  thionyl  chloride.  Treatment  with  sodium  azide  in 
tetrahydrofuran  'acetonitrile  gave  the  acyl  azides  18,  and  Cur- 
tius  rearrangement  in  benzene  at  the  reflux  temperature  gave 
the  isocyanates  17.  These  were  coupled  with  4-nitrophenethyl 
alcohol.  18.  in  benzene  in  the  presence  of  the  catalyst  dibutyl- 
tin  dilaurate9  to  give  the  carbamate  products  19  li  e.,  7  10). 
The  acceptor  HETCNQ  used  to  obtain  10  has  been  described 
elsewhere.1 1 

Synthetic  Details.  Melting  temperatures  were  determined 
on  a  Mel-Temp  apparatus  and  are  uncorrected.  Thin-layer  chro¬ 
matography  iTLCl  was  performed  on  Whatman  silica  gel  plates; 
R.  values  are  given  for  development  with  CH2Ci2  and  inspec¬ 
tion  under  ultraviolet  light.  NMR  spectra  were  determined  lin 


•  29)  Acker.  D.  8.;  Hertler,  W.  R  ./.  Am.  Chem.  .SV> c.  1982,  84.  3370- 
3374 

130)  Soula.  G  J.  Org  Chem.  1985.  50,  .3717  -3721. 

« 3 1 )  Francis.  T.,  Thorne,  M  P.  Can  J  Chem.  1976,  .54,  24  30 


(TXT,  with  TMS  as  the  internal  standard)  with  a  Perkin- 
Elmer  R24B  spectrometer,  except  for  7,  which  was  determined 
on  a  Varian  XL-300  instrument.  Mass  spectra  (MS)  were  deter¬ 
mined  with  a  Hewlett-Packard  5895  GC/MS  instrument  (heat¬ 
ed  probe);  parent  (M+)  and  base  (1007c)  peaks  are  given.  IR 
spectra  were  determined  with  a  Beckman  Acculab-1  spectrom¬ 
eter;  weak  peaks  are  not  given.  Microanalyses  were  performed 
bv  Desert  Analytics,  T ucson,  AZ.  Starting  materials  were  obtained 
from  Aldrich  Chemical  Co.,  except  for  12a,  which  was  prepared 
by  Fischer  esterification  of  p-hydroxybenzoic  acid. 

General  Procedure  for  Alkylation  of  Phenols  12.  The 
phenol  (10  mmol)  and  1-bromododecane  (57c  excess)  were  sus¬ 
pended  in  B0  mL  of  toluene  in  a  round-bottom  flask  fitted  with 
a  Dean-Stark  trap.  After  the  mixture  was  heated  to  the  reflux 
temperature  for  1.5  h  to  remove  water,  crushed  anhydrous  potas¬ 
sium  carbonate  <  107c  excessl  was  added.  ThenTDA  (about  57c ) 
was  added,  and  the  mixture  was  heated  to  the  reflux  tempera¬ 
ture.  If  the  reaction  seemed  incomplete  by  TLC  analysis  after 
1  or  2  davs.  an  additional  charge  of  K2CO.,  was  added.  Reac¬ 
tions  were  typically  stopped  after  3-4  days.  The  mixture  was 
cooled  and  washed  with  water  3  times,  and  the  aqueous  layers 
were  back-extracted  with  hexanes.  The  combined  organic  lay¬ 
ers  were  dried  over  MgS04  and  filtered,  and  the  solvents  were 
removed  by  rotary  evaporation  to  give  crude  product. 

Methyl  4-Dodecoxybenzoate  (13a).  The  light-orange  prod¬ 
uct  was  crystallized  from  10  mL  of  MeOH  to  give  a  shiny  white 
solid  in  60%  vield;  mp  54-56.5  °C;  TLC  0.56;  'H  NMR  6  7.9 
(d.  2  H,  Ar-H  I.  6.85  (d.  2  H.  Ar-H),  4. 2-3.8  (5  H.  O-CHi.  2.1- 
0.6  (23  H.  alkvl);  MS  m/e  320  (M+,  117c),  57  (1007c);  IR  (KBr) 
2960,  2920,  2860,  1720.  1605,  1505.  1455,  1430,  1,315,  1280,  1255. 
1190,  1170,  1105.  1020,  840.  760  cm1. 

Anal.  Calcd  for  C2.,H  ,20,:  C,  74.96;  H.  10.06.  Found:  C.  74.88; 
H.  10.33. 

Methyl  3,5-Didodecoxybenzoate  (13b).  The  crude  prod¬ 
uct  was  crystallized  from  12  mL  of  EtOAc  to  give  a  777c  yield 
of  a  waxv,  off-white  solid:  mp  62-65.2  °C;  TLC  0.67;  ‘H  NMR 
7)  7.1  id.  2  H,  o-Ar-H.  J  =  3  Hz).  6.55  (br  s,  1  H.  p-Ar-H),  4.2- 
3.7  (7  H.  O-CH),  2. 0-0. 6  146  H,  alkvl);  MS.  m/e  505  (M\  17c), 
336  (M-C,2H,v  I  7c),  69  1 1007c);  IR  (KBr)  2920.  2850,  1720, 
1600,  1465,  1440.  1390,  1325,  1235.  1160,  1050  cm"1. 

Anal.  Calcd  for  C.)2HS604:  C,  76.14;  H,  1 1.18.  Found:  C,  75.93; 
H.  11.49. 

Methyl  3,4,5-Tridodecoxybenzoate  (13c).  The  crude  oil 
was  triturated  twice  with  CH;)OH  to  remove  incompletely  alky¬ 
lated  starting  material;  the  methanol  was  back-extracted  with 
hexanes  and  the  extract  added  to  the  crude  product  (787c ).  This 
was  crystallized  twice  from  1:3  (-PrOH:EtOH,  with  cooling  on 
ice,  to  give  a  387c  yield  of  cream-colored  powder:  mp  39-42.5 
°C;  TLC  0.66;  !H  NMR  ,5  7.15  (s.  2  H,  Ar-H),  4  2-3.8  (9  H.  0- 
CH).  2. 1-0.7  (69  H.  alkvl);  MS.  m/e  689  (M*.  17c),  57  (1007c); 
IR  (KBr)  2920,  2850.  1715,  1585.  1460.  1435.  1330,  1215,  1120 
cm  ‘. 

Anal.  Calcd  for  C^H^Oj:  C.  76.69;  H,  1 1.70.  Found;  C,  77.06; 
H,  11.97. 

General  Procedure  for  Saponification  of  Esters  13.  The 

ester  was  dissolved  in  EtOH;  for  14b  and  14c,  about  20%  tet¬ 
rahydrofuran  was  added  as  a  cosolvent.  A  2.5-fold  excess  of 
NaOH  was  added  as  a  2.5  M  aqueous  solution.  The  solution 
was  heated  for  several  hours  on  steam  and  then  cooled  and  par¬ 
titioned  between  CH2C12  and  5%  HC1  (aqueous).  The  aqueous 
layer  was  extracted  twice  with  CH2C12,  and  the  combined  organic 
layers  were  dried  over  MgS04  and  filtered.  The  solvents  were 
removed  by  rotary  evaporation. 

4-Dodecoxybenzoic  Acid  (14a).  The  crude  product  (907c) 
was  crystallized  from  50  parts  hexanes  to  give  a  white  solid  in 
two  crops:  857c  mp  93-140  °C  (liquid  crystal,  lit.32  mp  95-137 
°C);  TLC  0.05;  'H  NMR  f>  8.9  (hr  s,  t  H,  COOH).  8.0  (d.  2  H. 
Ar-H),  6.85  (d,  2  H.  Ar-H).  4.0  (t,  2  H.  O-CH),  2.0-0.7  (23  H. 
alkvl);  MSm/e  306  (M+,  3%).  57  (100%);  IR  (KBr)  2920.  2850. 
2640  (br).  1680,  1600,  1570.  1510.  1465,  1430.  1330.  1300,  1260, 
1170.  1125,  1060.  990,  965,  935,  845,  770,  710,  690,  640  cm'1. 

3,5-Didodecoxybenzoic  Acid  (14b).  The  crude  produ 
(quantitative)  was  crystallized  from  8  parts  EtOH  to  give  a  white 
solid  (85%  I:  mp  65-66  °C;  TLC  0.44;  !H  NMR  5  9.3  (br  s,  1  H. 


(32)  Bennett.  G.  M.;  Jones,  B.  */.  Chem.  Sac.  1939,  420-424. 
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COOH),  7.2  (d,  2  H,  o-Ar-H,  J  =  3  Hz),  6.65  (br  s,  1  H.  p- Ar- 
H),  3.95  (t,  4  H,  O-CH).  2. 1-0.7  (46  H.  alkvl);  MS  m/e  490.5 
«M*.  67c),  57  (1007c);  IR  (KBr)  2920.  2850,  2640  (br),  1690, 
1590.  1465.  1440.  1420,  1380,  1350.  1300,  1270,  1240,  1170,  1050. 
940,  880,  835,  770,  740,  730,  720,  670  cm'1. 

Anal.  Calcd  for  C?lHM04:  C,  75.87;  H.  1 1.09.  Found:  C,  76.32; 
H,  11.41. 

3,4,5-Tridodecoxybenzoic  Acid  (14c).  The  crude  product 
(quantitative)  was  crystallized  from  25  parts  EtOH  to  give  a 
white  solid  (767c  >:  mp  57.5-59  °C;  TLC  0.10:  'H  NMR  5  8.1  (br 
s.  1  H.  COOH),  7.2  (s,  2  H,  Ar-H),  4.0  it.  6  H.  O-CH),  2.0-0.7 
(69  H.  alkyl);  MS  m  e  675  (M*.  17, ).  57  (1007, );  IR  (KBr)  2920. 
2850.  1675,  1575,  1460,  1425,  1375.  1325,  1270,  1220,  1115  cm  '. 

Anal.  Calcd  for  C4JH-„Ov  C,  76.50;  H,  1 1.65.  Found:  C.  76.58; 
H.  12.09. 

General  Procedure  for  Curtius  Rearrangement  and 
Coupling.  The  substituted  benzoic  acid  14  (1  mmoll  was  dis¬ 
solved  in  20  mL  of  benzene.  Thionyl  chloride  ( 1  mb)  was  added, 
and  the  solution  was  heated  to  the  reflux  temperature  over¬ 
night.  A  drop  of  the  solution  was  removed  for  lR  analysis,  which 
showed  loss  of  the  carbonyl  peak  for  14  at  1675-1690  cm  1  and 
the  appearance  of  the  acyl  chloride  carbonyl  peaklsl  for  15  at 
1735-1765  cm"1.  The  benzene  was  removed  by  rotary  evapo¬ 
ration.  and  the  acyl  chloride  15  was  dissolved  in  6  mL  of  dry 
tetrahvdrofuran  and  2  mL  of  acetonitrile.  Sodium  azide  (1.5 
equiv)  was  added,  and  the  mixture  was  stirred  overnight  at  room 
temperature.  The  mixture  was  then  diluted  with  CH2CI ,  and 
filtered,  and  the  solvents  were  removed  by  rotary  evaporation. 
IR  analysis  showed  that  acyl  chloride  remained,  so  the  NaNr, 
treatment  was  repeated.  The  resulting  product  showed  loss  of 
the  acyl  chloride  peak  for  15  and  the  appearance  of  carbonyl 
(1690  cm '*)  and  azide  (2130-2150  cm  l)  peaks  for  acyl  azide 
16.  The  acyl  azide  16  was  dissolved  in  20  mL  of  benzene  in  a 
dry  round-bottom  flask  protected  with  a  CaS04  drying  tube 
and  heated  to  the  reflux  temperature  overnight.  A  drop  of  the 
solution  was  removed  for  IR  analysis,  which  showed  no  car¬ 
bonyl  or  acvl  azide  peaks  but  an  isocyanate  peak  for  17  at  2260- 
2280  cm'1  (TLC:  17a.  0.70;  17b,  0.76;  17c,  0.85).  4-Nitrophen- 
ethvl  alcohol  (18)  (1  mmol)  was  dissolved  in  benzene,  or 
HETCNQ13  was  dissolved  in  dry  THF,  and  added  to  the  solu¬ 
tion  of  isocyanate  17,  followed  hy  about  20  UL  of  dibutvltin 
dilaurate.  After  1-2  days,  TLC  showed  a  substantial  conver¬ 
sion  to  product.  The  solvent  was  removed  by  rotary  evapora¬ 
tion  to  give  the  crude  carbamate  product. 

2-(4-Nitrophenyl)ethyl  /V-(4-Dodecoxyphenyl)carba- 
mate  (DDOP-C-ENP,  7).  The  cream-colored  crude  product 
was  crvstallized  twice  from  EtOH  to  give  a  307c  vield  of  white 
powder:  mp  126-127  °C;  TLC  0.20;  ‘H  NMR  <5  8.2  (d.  2  H.  Ar- 
N02>.  7.4  (d.  2  H,  Ar-N02l,  7.25  (br  s.  2  H,  ,4r-OR),  6.8  (d,  2 
H.  Ar-OR),  6.45  (br  s,  1  H.  NH).  4  4  (t,  2  H,  COO-CH2i.  3.9  (t, 
2  H.  ArO-CWj).  3.1  it.  2  H.  Ar-C tf2).  1.8  (m.  2  H.  ArOCH,- 
C Hx  1.5-1. 2  (br.  18  H.  alkvl).  0.9  It,  3  H.  CH,);  MS  m/e  470.5 
<M  .  127,  i.  135  (100  7c);  IR  (KBr)  3.340  (NH),  2920.  2850.  1680. 
1590,  1520,  1460,  1410,  1340,  1285,  1225,  1160,  1075,815  cm  '. 

Anal.  Calcd  for  C^H  lg0lsN2:  C.  68.91;  H,  8.14;  N.  5.95.  Found: 
C,  68.75;  H.  8.30;  N.  6.08. 

2-(4-Nitrophenyl)ethyl  N-  (3,5- Didodecoxy  phenyl  )car- 
bamate  (BDDOP-C-ENP,  8).  The  crude  syrup  was  purified 
by  column  chromatography  on  Florosil,  with  CH-,CI2  in  hex¬ 
anes  as  eluant.  A  gum  was  obtained  in  727,  yield.  This  was 
crystallized  by  dissolving  the  gum  in  5  mL  of  CH2C1.,,  adding 
50  mL  of  EtOH.  and  allowing  the  mixture  to  concentrate  by 
evaporation  over  many  days.  A  first  crop  of  brown  gummy  mate¬ 
rial  was  discarded;  the  second  crop  represented  a  567c  yield  of 
white  solid:  mp  47.5-51  5  °C;  TLC  0.50:  *H  NMR  o  8.0  (d,  2  H. 
Ar-NOj).  7.3  Id.  2  H.  Ar-N02),  6.45  (br  s.  3  H.  o-Ar-OR  + 
NH).  6  1  (br  s.  1  H,  p-Ar-OR).  4.4  It,  2  H.  COO-CH.,).  3.9  It,  4 
H,  ArO-CH2),  3.1  <t,  2  H.  Ar-Ctf ,).  2.0-O.7  (46  H,  alkvl).  IR 
(KBr)  .3310  (NH).  2920,  2850.  1695.  1605,  1515.  1460.  1430.1380. 
1340.  1310,  1255,  1230.  1155.  1090,  1050,  820  cm'1. 


(33)  Riddle.  M.  B  .  Rickert.  S  H  .  Lando.  .1  B  Thin  Solid  Films 

1985.  134.  121-134 

(.34)  Daniel.  M.  F..  Lettmgton,  0.  C  .  Small,  S  M  Thin  Solid  Films 
1983,  99.  61-69 
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Anal.  Calcd  for  C39Hg206N2:  C,  71.52;  H,  9.54;  N,  4.28.  Found: 
C,  71.45:  H,  9.80;  N.  4.19. 

2-(4-Nitrophenyl)ethyl  (V-(3,4,5-Tridodecoxy  phenyl  )- 
carbamate  (TDDOP-C-ENP,  9).  The  crude  yellow  oil  solid¬ 
ified  on  standing.  It  was  crystallized  from  1:10  i-PrOH:EtOH 
and  then  twice  from  acetic  acid  to  give  a  cream-colored  solid: 
397,  vield,  mp  60.5-64.5  °C;  TLC  0.44;  'H  NMR  6  8.1  (d,  2  H, 
Ar-N02).  7.3  (d.  2  H.  Ar-N02),  6.5  (br  s,  3H.  o-Ar-OR  +  NH), 
4.35  (t,  2  H,  COO-CH2),  3.9  (t,  6  H,  ArO-CW,),  3.05  (t,  2  H. 
Ar-C H2).  2.0-0. 7  (69  H,  alkyl);  IR  (KBr)  3380  (NH),  2920,  2850, 
1690,  1595.  1520,  1465,  1430,  1380,  1340,  1295,  1235,  1120,  1085, 
1050  cm  *. 

Anal.  Calcd  for  C^H^CLN.;:  C,  72.99;  H,  10.33;  N,  3.34. 
Found:  C.  73.41;  H,  10.77;  N,  3.24. 

.Y-(3,4,5-Tridodecoxyphenyl)carbamateof  2-(2'-Hydrox- 
yethoxy)-7,7,8,8-tetracyanoquinodimethane)  (TDDOP-C- 
HETCNQ,  10).  TLC  showed  incomplete  conversion  to  prod¬ 
uct,  so  the  mixture  was  allowed  to  sit  2  weeks  before  workup. 
The  crude  oil  was  triturated  with  807c  methanol  to  remove  unre¬ 
acted  HETCNQ.  The  remainder  was  taken  into  125  parts  of 
hot  ethanol  and  cooled  to  give  a  dark  gum  (407c  yield).  This 
was  chromatographed  on  TLC-mesh  silica  gel;  elution  with  1 7c 
THF  in  CH.,C12  gave  a  157,  yield  of  material  pure  to  TLC  (0.10). 
Crystallization  from  CH3CN  gave  a  77c  vield  of  a  puce  solid: 
mp  67.5-70.5  °C;  IR  (KBr)  3360  (NH),  2920,  2850,  2200,  1725, 
1595.  1530,  1500,  1455,  1420,  1375,  1275,  1230,  1210,  1170,  1110, 
990.  800  cm1. 

Anal.  Calcd  for  C^-H^NjOgi  C,  73.12;  H,  9.15;  N,  7.47;  Found: 
C,  73.79;  H,  9.62;  N\  6.66. 

The  compound  blackened  on  standing  in  air;  wafting  bro¬ 
mine  vapors  over  a  solution,  which  typically  restores  the  orange 
color  of  darkened  TCNQs,  in  this  case  apparently  formed  a  new- 
compound  (TLC  0.15),  perhaps  by  bromination  of  the  anilide 
ring. 

Characterization.  Cyclic  Voltammetry.  Cyclic  voltam- 
mograms  were  obtained  by  using  a  Bioanalytical  Systems  CV- 
27  cyclic  voltammograph  with  a  Houston  Instruments  Omni¬ 
graphic  X-Y  recorder;  all  measurements  were  performed  in 
CH2C1CH2C1  solvent  that  was  0.1  M  in  (NH4)4PF6  by  using  a 
three-electrode  cell,  with  a  Pt  disk  working  electrode,  a  Pt  wire 
auxiliary  electrode,  and  a  Ag|AgCl  electrode.  The  emf  data  were 
converted  to  volts  vs  the  saturated  calomel  electrode  (SCE)  by- 
adding  0.15  V  to  the  data  vs  Ag|AgCl. 

Pockels-Langmuir  Monolayers.  As  indicated  elsewhere1 
a  Lauda  FVV- 1  film  balance  (Langmuir  trough)  was  used  to  obtain 
pressure-area  I  FI— A )  isotherms;  LB  films  were  prepared  by  using 
a  Joyce-Loebl  vertical  film  dipping  mechanism.  The  film  bal¬ 
ance  was  housed  in  a  special  room  equipped  with  a  HEPA  fil¬ 
ter  to  provide  dust-  and  oil-free  air  under  positive  pressure.  A 
Millipore  Milli-Q  Z040  system,  supplied  with  house  deionized 
water,  provided  pyrogen-free  water  for  the  aqueous  subphase, 
with  a  resistivity  of  18  MR  cm.  The  temperature  of  the  sub¬ 
phase  (5-35  °C)  was  controlled  to  0.1  °C  by  a  Lauda  RM6  vari¬ 
able-temperature  bath.  A  Brinkmann  BR  1101  XY  recorder 
provided  a  graph  of  the  LI-A  curves.  The  compounds  to  be 
studied  were  weighed  on  a  Mettler  M5SA  microbalance  and 
dissolved  in  reagent-grade  deuterochloroform.  The  solutions 
were  spread  on  the  subphase  ("cast")  with  a  Hamilton  100-mL 
syringe.  With  the  syringe  held  above  the  subphase,  small  drops 
were  dispersed  at  the  air-water  interface,  as  the  syringe  was 
passed  over  the  subphase.  Typical  quantities  of  solution  were 
20  mL  containing  approximately  101 '  molecules.  To  ensure  quan¬ 
titative  transfer,  the  syringe  was  rinsed  twice  with  solvent,  and 
the  wash  solvent  was  spread  over  the  subphase.  The  micro¬ 
scope  slides  used  for  LB  studies  were  soaked  in  soap  and  Milli- 
Q  water  for  1  day  and  rinsed  with  Milli-Q  water  before  use. 

Molecular  Areas  of  PL  Monolayers.  As  discussed 
previously,1  one  can  define  molecular  areas  from  a  pressure- 
area  isotherm  in  three  ways:  A0  is  the  area  per  molecule  at  extrap¬ 
olated  zero  differential  surface  tension;  Ac  is  the  minimum  area 
per  molecule  at  the  collapse  point,  i.e.,  at  the  point  in  the  n-A 
isotherm  where  the  pressure  is  the  maximum  reversible  pres¬ 
sure  (or  “collapse  pressure"  II, );  and  Am  is  the  area  at  the  mid¬ 
point  pressure  IIm  =  0.5nc. 

LB  Monolayers  and  Multilayers  on  Glass.  Glass  micro¬ 
scope  slides  were  precleaned  with  soapy  water  and  rinsed  with 
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Figure  4.  Cyclic  voltammogram  fur  DDOP-C-ENP  (7):  sol¬ 
vent,  CHX1CH2C1;  supporting  electrolyte,  lC4Hyi4NPFri;  ref¬ 
erence  electrode,  Ag|AgCl;  sensitivity.  2  *iA  division;  scan  speed, 
0.  lVs. 
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Figure  5.  Cyclic  voltammogram  for  TDDOP-C-HETCNQ 
110):  solvent,  CH2CICHX1;  supporting  electrolyte.  iC4H9i4- 
NPFb;  reference  electrode,  Ag|AgCl;  sensitivity,  2  m.A  division: 
scan  speed.  0. 1  V  s. 

Table  I.  Half-Wave  Solution  Potentials  E, 


E,  E, 


DDOP-C-ENP  (7) 

1.39  rev 

•i.n 

BDDOP-C-ENP  1 8) 

1.67  irr 

-1.09 

TDDOP-C-ENP  (9) 

1.14  irr 

1.12 

TDDOP-C-HF.TCNQ  HOi 
TCNQ 

0.99  irr 

0  07.  0.47 
n.o -n.5o 

a  In  V  versus  SCE.  quoted 

as  oxidation  peak 

->.o:M  V  or  as 

reduction  peak  +  0.030  V  and  measured  in  CHXICH.C1  solution 
with  0  1  \1  iC4H9i4NPF6  supporting  electrolyte  E,  7"  refers  to 
the  irreversible  oxidation  of  the  donor  (anisole)  moiety:  E,  2r*rf 
refers  to  the  reversible  reduction  of  the  acceptor  ip-nitrophenol 
or  TCNQi  moiety  ithe  TCNQ  moiety  has  two  reduction  wavesi. 


Milli-Q  water:  they  were  then  dipped  at  an  intermediate  speed 
(0.2  mm/s)  while  maintaining  a  constant  film  pressure  of  approx¬ 
imately  0.75nc.  To  monitor  the  film  transfer  ratios  more  closely, 
a  digital  voltmeter,  connected  to  the  output  of  the  X-Y  recorder, 
was  used  to  follow  the  barrier  movement  (when  this  barrier  was 
held  electronically  at  constant  film  pressure).  The  transfer  was 
conducted  with  the  film  held  at  the  lowest  temperature  (278.2 
K  for  7  and  9;  277.7  K  for  10)  out  with  the  substrate  kept  at 
room  temperature. 

LB  Film  Thickness  Monitored  by  X-ray  Diffraction.  The 

thicknesses  of  several  LB  multilayer  films,  on  glass  microscope 
slides,  were  monitored  by  X-ray  diffraction  lOu  K>>  radiation) 
using  a  Phillips  Model  3100  X-rav  powder  diffractometer  The 
estimates  of  crystallite  size,  L.  were  obtained  by  using  the  Scher- 
rer  line-width  equation:'"  u  =  0.94 A  ( i-  cos  fl)  (where  rt  is  ‘he 
Bragg  angle  and  u  is  the  line  width  at  half  height) 

LB  Film  Thickness  Monitored  by  Ellipsometry.  A 
Rudolph  Research  Auto-EL-IIl  automatic  ellipsometer.  with  a 
small  HeNe  laser  source,  microspot  optics,  and  a  X  Y  stage  adjust 
able  to  ±0.001  in.  was  used  to  monitor  the  film  thickness  at 
about  20  spots  over  a  silicon  substrate  and  to  obtain  a  histo¬ 
gram  of  the  computed  values,  measured  for  the  bare  substrate 
and  for  substrate  with  LB  films,  measured  by  a  micrometer  at 
the  same  spots. 


(35)  Cf :  Warren,  B  E  X-Ra\  Diffraction:  Addison- Weslev:  Read¬ 
ing,  PA,  1969;  p  253 


70 

60 

50 

40 

30t 

a 

2u 

b 

to 

.  _____  _  ;  v _ 

0  25  37  5  AREA  , A- molecule, 

Figure  6.  Pressure-area  isotherm  for  DDOP-C-ENP  (7):  (a) 
at  278.2.  (b)  at  29.3.2.  and  (cl  at  306.3  K. 
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Figure  7.  Pressure-area  isotherm  for  BDDOP-C-ENP  (8):  (a) 
at  279.1.  (b)  at  293.2.  and  (c)  at  306.3  K. 

Calculated  Molecular  Geometry.  The  optimal  molecular 
geometry  of  9  was  computed  by  using  the  MNDO  algorithm  of 
the  computer  program  mopac  (Version  4.02)  on  the  Alabama 
Supercomputer  Authority  Cray  X/MP-24  computer.  The  esti¬ 
mate  of  molecular  packing  area  and  thickness  of  9  was  obtained 
by  first  plotting  the  computed  geometry  by  using  the  program 
ortep-II.  using  the  computed  coordinates,  and  accosting  sev¬ 
eral  molecules  with  the  SYBYL  software  system  on  an  Evans 
and  Sutherland  PS-300  terminal  driven  by  a  MicroVAX-II. 

Infrared  Studies  of  LB  Multilayers.  The  transmittance 
spectra  were  measured  in  the  range  4000-2000  cm1  (the  latter 
is  a  silica  absorption  edge)  by  using  a  BioRad  FTS-40  spectro¬ 
photometer  at  ambient  temperature  under  purge  N2  gas.  Also, 
the  grazing  angle  reflectance  of  a  glass  slide  covered  by  A1  and 
by  three  monolayers  of  9  was  measured  with  a  Bruker  1FS-8S 
FT  1R  spectrometer,  equipped  with  a  Specac  grazing-angle  acces¬ 
sory:  this  preliminary  spectrum  is  given  as  Figure  6  of  ref  11 
and  is  not  reproduced  here. 

3.  Results 

Cyclic  Voltammetry.  Figures  4  and  5  show  the  cyclic 
voltammograms  for  7  and  10.  respectively.  The  data  for 
7.  8,  9,  and  10  are  reported  in  Table  I.  The  oxidation 
wave  for  the  donor  parts  is  irreversible  for  8-10  but  revers¬ 
ible  for  7.  The  reduction  waves  for  7-9  are  (as  they  should 
be)  the  same  to  within  the  experimental  error  of  ±0.02 
V.  As  expected  for  the  TCNQ-bearing  molecule  10,  two 
reduction  waves  appear,  shifted  slightly  (relatively  to  pure 
TCNQ)  to  more  negative  voltages  No  significant  impu¬ 
rity  was  detected  in  any  of  the  compounds. 

PL  Monolayers.  Figures  6-9  show  the  II-A  iso¬ 
therms  for  7-10,  respectively-  The  monolayer  data  are 
given  in  Table  II.  The  formation  of  monolayers  was  deter¬ 
mined  on  the  basis  of  the  measured  area  per  molecule. 
Since  it  is  fairly  obvious  from  Figures  9-10  that  the  dif¬ 
ferential  surface  tension  regime  between  FI  =  0  and  n  = 
Ilr  corresponds  to  that  of  a  “two-dimensional  fluid”  (rath¬ 
er  than  a  two-dimensional  incompressible  solid),  we  present 
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Figure  8.  Pressure-area  isotherm  for  TI)DOP-C-KNP  i9>:  i a t 
at  278. '.2,  (bl  at  293.2,  and  (cl  at  306.2  K.  Small  dots  indicate 
the  points  i  Ilt..  .-I,.). 
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Figure  9.  Pressure-area  isotherm  for  TDDOP-C-HETCNQ 
1 10):  lal  at  277.7.  (bi  at  282.8.  (c)  at  288.6.  fdi  at  293.4.  (e)  at 
297,7.  and  if)  at  303.1  K  (these  curves  supersede  those  quoted 
in  ref  11).  Small  dots  indicate  the  points  i  11,.,  ,4r). 

in  Table  II  also  a  value  of  the  isothermal  compressibil¬ 
ity.  defined  as  *  =  -( 1  /.4,.)(aA /aFI)r,  and  measured  as 
the  slope  of  the  II— .4  isotherms  at  II  =  0.5nc. 

The  shape  of  the  II-.4  isotherms  for  DDOP-C-ENP 
(7.  Figure  6)  is  rather  peculiar  at  both  306.3  and  293.2 
K:  the  monolayer  forms  and  then,  under  further  com¬ 
pression.  the  differential  surface  tension  drops  to  zero. 
It  may  be  that  some  other  collective  ordering  mode  sets 
in.  so  that  the  molecules  aggregate  as  isolated  "islands” 
with  no  lateral  cohesion.  One  is  led  to  think  of  liquid 
crystals.  Scheibe-Jellv  aggregates,  micelles,  etc.,  hut  from 
the  present  data  it  is  not  safe  to  speculate  too  far.  By 
lowering  the  temperature  to  278.2  K.  one  sees  that  the 
pressure  for  areas  below  ,4r  no  longer  drops  to  zero  hut 
sinks  to  about  half  of  IIC.  This  behavior  has  been  seen 
hefore.  for  brassidic  acid,  ”  where  this  region  was  termed 
the  “post-collapse  region",  and  the  amount  of  decline  of 
the  differential  surface  tension  was  considered  as  a  mea¬ 
sure  of  the  relative  toughness  of  the  PL  film.  It  is  quite 
clear  that  for  7  the  toughness,  as  well  as  the  critical  sur¬ 
face  pressure  IIC.  is  increased  by  reducing  the  aqueous 
subphase  temperature.  The  area  per  molecule  ,4r  is  fairly 
temperature-independent,  so  one  can  safely  assume  that 
this  is  indeed  a  monolayer,  but  its  strength  and  tough¬ 
ness  are  extremely  sensitive  to  temperature.  Since  the 
slope  of  the  H-A  curve  is  not  steep,  we  have  a  two-di¬ 
mensional  fluid  rather  than  a  two-dimensional  solid:  there 
is  a  slight  temperature  dependence  to  the  film  compress¬ 
ibility.  Although  it  is  not  quite  certain  that  the  p-nitro- 
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phenyl  group  is  the  hydrophilic  end  of  the  molecule,  one 
can  safely  assume  that  the  dodecoxy  group  is  hydropho¬ 
bic.  The  molecular  area  of  38  A2  is  quite  reasonable,  if 
one  assumes  that  the  van  der  Waals  width  (W)  of  the 
benzene  ring  (or  either  end  of  DDOP-C-ENP)  is  6  A  and 
that  the  molecule  has  a  length  L  of  about  6  A,  across  the 
benzene  rings,  with  all  substituents  folded  into  an  approx¬ 
imately  extended  geometry. 

A  different  situation  exists  for  BDDOP-C-ENP,  8  (Fig¬ 
ure  7 ).  At  all  temperatures  an  initial  rise  in  n  is  observed, 
until  a  plateau  is  reached.  The  area  ,4C  does  not  corre¬ 
late  well  with  the  area  of  8,  and  the  flatness  of  n,  as  the 
area  is  reduced,  indicates  that  no  monolayer  is  formed 
at  all,  but  rather  a  peculiar  clustering  into  aggregates, 
which  are  not  monolayers.  This  has  been  observed  for 
films  of  l-cyano-4"-n-pentyl-p-terphenyl  (where,  how¬ 
ever,  monolayers  do  form  and  the  constant  IT  indepen¬ 
dent  of  A  is  shown  only  at  293.2  K,  but  a  more  usual  11- 
.4  curve  appears  at  281.2  K).34  One  possibility  is  that 
the  molecules  of  8  cluster  on  a  slant  (thus  explaining  the 
“large"  .4C)  and  then  “ride  on  each  other”  with  no  exten¬ 
sive  property  such  as  a  characteristic  film  pressure. 

The  situation  changes  again  for  TDDOP-C-ENP,  9  ( Fig¬ 
ure  8).  This  time  the  area  per  molecule  Ac  is  very  tem¬ 
perature-dependent,  and  the  collapse  pressure  increases 
to  a  reasonable  value  only  at  278.2  K.  In  fact,  the  situ¬ 
ation  at  306.2  K  is  reminiscent  of  DDOP-C-ENP,  7,  while 
at  293.2  and  278.2  K  true  monolayer  behavior  seems  to 
have  been  reasserted.  The  area  per  molecule  at  the  low¬ 
est  temperature,  76  A2,  is  38  A2  larger  than  that  of  7; 
since  the  area  per  molecule  Ac  of  cadmium  arachidate  is 
about  20  A2,  and  there  are  two  more  alkyl  chains  for  9 
than  for  7,  we  observe  some  deviation  from  additivity  of 
molecular  areas  (38  +  20  +  20  =  78  A  >  76  A). 

The  strong  electron  acceptor  end  of  10  makes  the  pres¬ 
sure-area  isotherm  change  again  (Figure  9).  The  film 
strength  improves  dramatically  with  decreasing  temper¬ 
ature  (as  was  the  case  for  9).  At  the  highest  tempera¬ 
ture  (297.7  K),  there  is  only  one  ordering  transition  at 
fairly  low  IIe,  but,  as  the  temperature  is  lowered,  two  order¬ 
ing  transitions  set  in;  at  the  lowest  temperature  (277.7 
K)  only  one  transition  remains,  at  a  fairly  high  Ilc.  One 
may  want  to  speculate  whether  the  intermediate  order¬ 
ing  transitions  are  due  to  uncoiling  of  the  three  dode¬ 
coxy  groups.  The  minimum  area  at  collapse,  Ac,  of  10  is 
very  similar  to  that  of  9;  this  indicates  that  the  limiting 
area  is  due  not  to  the  TCNQ  end  but  to  the  three  bulky 
chains  on  the  donor  end.  Indeed,  the  previously  mea¬ 
sured  ,4C  for  TCNQ-bearing  D-ct-A  molecules  was  between 
50  and  58  A2.11011 

Transfer  Ratios  and  Z-Type  Deposition.  The  LB 

film  transfers  were  carried  out  at  a  film  pressure  held 
constant  at  about  three-quarters  of  the  measured  IIC  and, 
as  stated  above,  at  the  lowest  possible  subphase  temper¬ 
ature  ( but,  since  a  glass  slide  at  room  temperature  is  moved 
through  the  PL  monolayer,  there  is  an  unavoidable  tem¬ 
perature  gradient).  For  7,  the  barrier  moves  in  slowly 
over  a  2-h  period  even  when  no  films  are  being  trans¬ 
ferred  (i.e..  the  PL  film  is  marginally  stable);  neverthe¬ 
less.  by  keeping  the  pressure  at  0.75I1C,  and  the  area  above 
,4,.,  LB  transfer  becomes  possible.  For  8  and  9,  the  bar¬ 
rier  does  not  creep  appreciably  by  itself,  and  transfer  is 
performed  at  about  0.75IIC. 

For  the  molecules  7,  9,  and  10,  which  did  transfer  as 
LB  films,  transfer  ratios  close  to  1.0  were  observed  when 
the  slide  was  withdrawn  from  the  subphase,  with  the  polar 
end  of  the  first  LB  monolayer  adhering  to  the  glass  sub¬ 
strate.  whereas  the  transfer  ratio  was  close  to  zero  when 
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Table  II.  Monolayer  Data  from  Pressure  Area  (II-.4)  Isotherms  for  7-10  at  Water  Subphase  Temperature  7° 


molecule 

T,  K 

IIC>  m.N  m 

.4,..  A- 

A2 

•4.,.  A2 

«.  m  m.N 

PL 

LB 

Z 

DDOP-C-ENP  (7) 

27.8.2 

23.7 

38 

40 

42 

0.019 

Y 

Y 

Y 

293.2 

20.0 

38 

40 

41 

0.017 

Y 

Y 

306.3 

10.4 

39 

39 

41 

0.024 

Y 

Y 

BDDGP-C-ENP  (8) 

279.1 

14.3 

l75> 

(85) 

(95) 

0.047 

N 

N 

N 

293.2 

13.8 

(73) 

(S2) 

1911 

0.048 

N 

N 

N 

306.3 

12.6 

(79) 

(87) 

196) 

0.045 

N 

N 

N 

TDDOP-C-ENP  (9) 

278.2 

34.0 

70 

S2 

89 

0.066 

Y 

Y 

5' 

293.2 

11.5 

99 

117 

132 

0.037 

Y 

Y 

306.2 

15.2 

107 

130 

151 

0.033 

Y 

Y 

TDDOP-C-HETCNQ  (lOi 

277.7 

on.  5 

75 

107 

227 

Y 

5' 

Y 

282.8 

52.5 

125 

188 

Y 

Y 

288.6 

47.5 

05 

115 

278 

Y 

Y 

293.4 

43.0 

75 

121 

254 

Y 

Y 

297.7 

20.0 

90 

128 

207 

Y 

Y 

303.1 

19.3 

132 

164 

235 

Y 

Y 

“  The  estimated  precision  in  II  is  ±0.1  mN  m;  the  estimated  precision  in  the  area  per  molecule  (.4C.  4m,  .4,,)  is  ±5%.  except  where 
indicated.  As  indicated  in  the  text,  II,.  indicates  the  differential  surface  pressure  at  the  collapse  point;  Ac.  .4m.  and  .40  are  the  molecular 
areas  at  the  collapse  point,  at  II  =  0.511,..  and  at  the  extrapolated  zero  pressure,  respectively;  finally,  *  is  an  estimate  of  the  isothermal 
compressibility  at  0.5II,..  A  5  under  PL  indicates  that  a  Pockets  Langmuir  monolayer  at  the  air-water  interface  does  form  iN  means 
not.  A  V  under  LB  indicates  that  a  Langmuir  Blodgett  film  was  transferred  to  a  glass  substrate  (microscope  slide).  A  V  under  Z 
indicates  that  the  multilayers  are  ot  the  Z-type  iPL  films  transfer  to  microscope  glass  only  during  upstroke,  i.e. ,  withdrawal  of  slide  from 
the  subphasei.  The  data  for  TDDOP-C-HETCNQ  iIOi  supersede  those  reported  in  ref  10. 


the  slide  was  dipped  downward  into  the  suhphase  fZ- 
type  deposition). 

FTIR  Spectra.  The  FTIR  spectra  of  a  15-multilayer 
film  of  7  failed  to  show  characteristic  bands.  This  indi¬ 
cates  that  the  LB  monolayers  are  extremely  disordered 
and  are  more  typical  of  a  fluid  with  a  low  degree  of  ori¬ 
entation  within  the  film,  rather  than  of  a  two-dimen¬ 
sional  solid  (as  one  sees,  e.g.,  for  FTIR  spectra  of  multi¬ 
layers  of  cadmium  arachidate).  However,  a  15-multi¬ 
layer  LB  film  of  9  (TDDOP-C-ENP).  transferred  to  a 
microscope  slide  at  278  K.  but  studied  at  room  temper¬ 
ature,  showed  two  weak  and  broad  bands  peaked  at  2925 
±  2  and  at  2855  ±  2  cm  ‘.  which  are  characteristic  C  H 
stretch  frequencies  (we  have  observed  much  sharper  sig¬ 
nals,  at  the  same  frequencies,  for  15  monolayers  of  the 
molecule  4,  BDDAP-C-BHTCNQ,"  which  forms  PL  mono- 
layers  with  a  much  steeper  II  .4  isotherm  than  does  9, 
TDDOP-C-ENP).  Thus,  we  can  claim  that  an  interme¬ 
diate  degree  of  order  exists  within  LB  films  of  TDDOP- 
C-ENP 

LB  Film  Thickness  Monitored  by  X-ray  Diffrac¬ 
tion.  For  a  multilayer  of  cadmium  arachidate  trans¬ 
ferred  onto  a  glass  slide,  nine  X-ray  diffraction  (Cu  Ko) 
peaks  were  observed,  of  which  the  lowest  angle  is  at 
=  1.62°.  giving  a  repeat  distance  (two  monolayer  thick¬ 
nesses)  of  54.5  A.  The  Scherrer  line-width  equation  gave 
a  correlation  length  of  235  A. 

A  multilayer  of  7,  transferred  to  a  glass  substrate,  gave 
only  one  X-ray  diffraction  peak  (Cu  Ko)  at  =  2.16°. 
giving  a  repeat  distance  of  40.9  A.  The  Scherrer  line- 
width  equation  gave  a  correlation  length  of  438  A. 

A  I.B  multilayer  of  9  on  glass  yielded  a  -ingle  diffrac¬ 
tion  peak  at  28  =  1.94°  (repeat  distance  of  45.5  A).  The 
Scherrer  correlation  length  was  473  A. 

LB  Film  Thickness  Monitored  by  Ellipsometry. 
By  use  of  the  literature  value  for  the  refractive  index  of 
cadmium  arachidate  in  =  1.542).  the  thickness  for  two 
LB  layers  of  cadmium  arachidate  on  Si  was  obtained  as 
53  ±  8  A  (uncertainty  =  width  of  distribution  of  thick¬ 
ness  values  at  half  the  peak  of  the  distribution),  whence 
the  thickness  per  monolayer  becomes  27  ±  4  A.  For  40 
LB  layers  of  7  on  Si,  the  refractive  index  was  n  -  1.585. 
and  the  measured  film  thickness  was  1 3(8 )  ±  !5i)  A.  w  hence 
the  monolayer  thickness  is  33  ±  4  A 

Calculated  Molecular  Geometry.  A  MNDO  geom¬ 
etry-optimized  structure  of  7  was  obtained  The  com- 


Figure  10.  ortep-ii  plot  of  the  MNDO-computed  geometry  of 
7  obtained  by  using  van  der  Waals  atomic  radii  11.2  A  for  H. 
1.7  A  for  (’.  1.5  A  for  N.  1.4  A  for  O). 

puted  dipole  moment  was  5.992  D.  The  highest  occu¬ 
pied  molecular  orbital  has  energy  -9.172  eV;  the  lowest 
unoccupied  molecular  orbital  has  energy  -1.117  eV.  This 
correlates  well  with  similar  calculations  reported 
elsewhere;"  the  HOMO  should  be  localized  mainly  on 
the  donor  end  of  the  molecule,  and  the  LUMO  should 
be  localized  on  the  acceptor.  As  expected,  the  LUMO  of 
7  implies  a  lower  electron  affinity  for  ENP  than.  e.g.. 
TCNQ  (for  which  LUMO  energies  in  related  D-<r-A  mol¬ 
ecules  are  about  -2.95  eV).1 1  The  MNDO-optimized  geom¬ 
etry  did  yield  an  extended  configuration  (as  MNDO  tends 
to  do),  but  there  was  a  significant  twist  in  the  ethyl  car¬ 
bon  atoms  linked  to  the  nitrophenvl.  namely  around  the 
atom  indicated  in  boldface  in  the  group 
OCH  .CH  .CfiHjNOo.  An  ortep-II  plot,  obtained  by  using 
van  der  Waals  atomic  radii,  is  given  in  Figure  10.  The 
molecular  length  of  the  bent  molecule  is  30  A;  when 
"unfolded"  (not  shown),  the  molecular  length  becomes 
3!)  A.  The  molecular  cross  section  oi  the  ENP  end  (Fig¬ 
ure  10)  is  only  about  23  A2  (nitro  group  eclipsed  with 
phenyl  ring)  or  33  A2  i nitro  group  bent  as  shown). 

4.  Discussion 

While  the  acceptor  ENP  of  molecules  7,  8.  and  9  is 
fairly  weak,  compared  to  the  TCNQ  acceptor  of  10.  it 
was  sufficiently  polar  to  let  7  and  9  (but  not  8)  form  mono- 


layers.  The  monolayers  can  be  transferred  to  a  glass  sub¬ 
strate.  if  the  PL  monolayer  is  held  at  low  temperature, 
but  the  films  probably  are  not  well  ordered. 

The  large  intralayer  Scherrer  correlation  length  is  sur¬ 
prising,  but  the  difficulties  in  observing  good  FTIR  spec¬ 
tra  indicate  a  low  degree  of  interlayer  registry.  Clearly 
some  further  FTIR  studies  are  needed. 

The  experimental  molecular  area  of  7  (38  A2)  corre¬ 
lates  approximately  with  the  "thickness"  of  the  ENP  ring, 
viewed  as  in  Figure  10.  The  X-ray  monolayer  thickness 
of  7  agrees  within  two  standard  deviations  with  the  ellip- 
sometry  result.  The  X-ray  monolayer  thickness  of  7  and 
9  is  consistent  with  a  Z-tvpe  deposition.  The  X-ray  thick¬ 
ness  of  7  correlates  also  very  w'ell  with  the  “molecular 
length"  of  7:  one  must  presume  that  under  the  condi¬ 
tions  of  the  film  balance  all  “kinks"  are  indeed  taken  out, 
and  that  the  molecule  assumes  the  most  extended  geom¬ 
etry  it  can. 

The  finding  that  Z-type  monolayers  are  formed  is  sur¬ 
prising,  and  indicates  that  some  of  these  molecules  (par¬ 
ticularly  10)  should  be  very  intersting  as  noncentrosym- 
metric  systems  with  aromatic  rings  and  potentially  very- 
large  transition  dipoles,  which  should  make  them  prom¬ 
ising  for  nonlinear  optical  devices  (frequency  doublers). 


These  molecules  seem  polar  enough  to  orient  and  pack 
as  PL  monolayers  at  the  air-water  interface,  but  not  polar 
enough  to  produce  the  typical  centrosymmetric  Y-type 
layers  formed,  e.g.,  by  LB  multilayer  Films  of  cadmium 

arachidate. 
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The  Organic  Rectifier  Project  (ORP)  at  the  Universities  of  Mississippi  and  Alabama  aims  at  the 
realization  of  a  one  molecule  thick  rectifier  of  electrical  current,  which  could  be  part  of  a  5  nm 
thick  electronic  device  Such  a  device,  suggested  in  1973  by  Aviram,  relies  on  the  asymmetry 
of  molecules  D  o  A.  where  D  is  a  good  one-electron  donor  Ibut  poor  acceptor),  A  is  a  good  one- 
electron  acceptor  Ibut  poor  donor)  and  a  is  a  covalent  bridge  that  insulates  the  molecular  orbitals 
of  D  from  those  of  A  Six  molecules  have  been  found  to  self-assemble  as  monolayers:  four 
contain  the  TCNQ  moiety;  three  contain  greasy’  dodecyl  groups  on  the  donor  end  (which  helps 
in  monolayer  formation),  but  one  contains  only  hexyl  groups  All  of  them  can  be  transferred  to 
a  glass,  conducting  tin  oxide  or  Al  substrate  as  Langmuir-Blodgett  films.  In  preliminary  trials,  no 
rectification  was  observed  Recent  FTIR  data  for  LB  films  as  a  function  of  aging  are  presented 


INTRODUCTION 

I  hi'  jiaper  outlines  progress  of  i he  Organic  Rec¬ 
tifier  Project  (ORP)  towards  the  synthesis  of 
molecules  of  the  type  D-u-A.  which,  in  defect- 
free  organized  assemblies,  may  be  rectifiers  of 
electrical  current:  here  I)  is  a  strong  one-electron 
organic  donor,  such  as  I  IT  (tetrathialuh  alene,  1 ) 
or  TMPD  (  V..V. A  . A  -tetrameihyl-/>phenylene- 
diamine.  2).  a  is  a  covalent  sigma  bridge  and  A  is 
a  strong  one-electron  acceptor,  such  as  TCNQ 
(■'.■.S.X-tctracyanoquinodimethane,  3)  or  chlor- 
anil  (2,3.5.6-teirachloro-/>-benzoquinone,  4).  In 
I *>73.  Aviram  and  co-workers1  '  proposed  that 
D-u-A  molecules,  such  as  the  Gedankenmolekul  3. 
sandwiched  as  an  oriented  monolayer  between  or¬ 
dinary  metallic  thin  films  M  and  N,  as  in  6,  would 
rectify  alternating  electrical  current.  The  obvious 
advantage  of  such  a  device  is  its  small  thickness: 
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the  molecule  5  (never  synthesized)  should  be  only 
2  nm  thick.  If  very  thin  conventional  films  M.  \ 
(1.5  nm  each)  can  be  used,  then  a  5  nm  thick 
device  becomes  possible,  much  thinner  than  the 
working  direction  of  conventional  Si  or  tia.As 
dev  ices  (1  -3  /<m). 
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The  inerenienta!  results  of  the  Organic  Rectifier 
Project  have  been  reported  elsewhere.'  '  I  he 
present  review  follows  closely  another  review, 
prepared  for  a  different  audience  six  months  aeo 
1  1  T  I  ■ 

THEORETICAL.  SYNTHETIC  AND  ASSEMBLY 
CRITERIA 

In  this  section  are  summarized  the  design  criteria 
that  have  evolved  in  the  ORP.4 

Simplified  mechanism 

If  device  6  is  successful!;,  assembled,  then  the 
mechanism  for  rectification  is  eiven  bv  Fqns 
(ll-  ( 3 ) : 1  4  ,"‘  !1 

forward  bias: 

GO:  M  D-u-A  N - ► 

I  I  .1) 

M  D’  -  a-  A  N  '  - >  M  D-a-  A  N 

I  IE) 1 1  I  I  l 

(1) 

Reverse  bias: 

NO  GO: 

M  D-a- A  N  - - x - ►  M  I)  -ij-  A  ‘  N 

Reverse  bias: 

GO:  M  D-a- A  N - ► 

al.t  1 1 1 1  R  i 

M  D  '  rj-A  \ - ►  M '  D-a  A  N 

<‘>b) 

Under  vanishing  or  moderate  forward  electrical 
bias,  the  electron  transfer  (ET)  can  occur'  bv 
elastic,  through-space  (TS)"1  tunneling  through  a 


chemisorptiv e  barrier  front  I)  to  M,  and  from  N  to 
\  |  Fqn  ( 1  a ) | :  the  /witterionic  molecular  state 
D'-u-A  forms:  this  is  followed'  bv  through- 
bond  (  T  B )  ’ 1  inelastic  tunneling  [called  lTf.  Fqn 
()b),  or  forward  inelastic  tunneling!  from  A  to 
D':  this  yields  charge  separation.  I  rider  reverse 
electrical  bias,  the  formation  of  /witerion 
D  -a  -  .1  '  |  Fqn  (2||  is  very  unlikely,  because 
good  organic  one-electron  donors  are  very  poor 
acceptors,  and  good  acceptors  are  poor  donors. 
Indeed,  in  the  gas  phase,  the  energy  required  tv' 
form  the  ions  TIT  '(g).  TCNQ  (g)  at  infinite 
mutual  separation  is,  experimentally  ,  4.0  e\ 
in  contrast,  the  energy  required  to  form  the  ion 
pair  ITT  (g).  TCNQ'(g)  is  estimated  at 
9.6  e\  :  4 

TTf  (g »  -  TC'NQtg)  -  TTT  '  (g)  -  TC'NQ  (g) 

A//  -=  6. S3  -  2.8  eV  -  4.0  eV  (4i 

TTF(g|  -  TC  NQ(g)  -  TTT  (g)  -  TC  NG  (g) 

A// -  9.6  e\  (est.)  (5) 

However,  under  large  reverse  electrical  bias, 
another  reaction  channel  opens  [Tqn  <3a)|:  a 
zwitterion  D’-u-A  forms  first,  followed  by 
charge  separation  from  M  to  N:  this  is  reverse,  or 
‘uphill’  tunneling  ITR.  and  is  much  less  likely  than 
ITF.:  Of  course,  tunneling  here  is  between  states 
of  different  energies,  so  one  sees  these  as  elastic 
processes  between  virtual  states  of  equal  energy, 
followed  by  inelastic  'through-bond'  processes. 


Langmuir-Blodgett  films 

The  ORP  has  concentrated  on  molecules  D-u-A 
which  self-assemble  at  the  air-water  interface  as 
'Pockels- Langmuir  (PL)  monolayers  (this 
name1'14  honors  Irving  Langmuir  (1881-195') 
and  Fraulein  Agnes  Pockels  ~h).  Such  PI 
monolayers  can,  usually,  be  transferred  to  glass  or 
metal  or  other  solid  substrates  by  the 
Langmuir-Blodgett  (L.B)  technique  pioneered  by 
(2)  Langmuir  and  by  Katharine  B  Blodgett  (1898- 
1979).'  The  typical  molecule  (hat  forms  excel¬ 
lent  PL  and  I  B  films  is  cadmium  arachidate.  or 
cadmium  eicosanoate,  Cd(n-CiyHmCOO):»7). 

At  the  air-water  interface  a  PL  monolayer  of 
.ations  7  (shaped  like  tadpoles)  points  with  the 
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v  V  -s  V  *,  s  *s 

8 

carboxy laic  ends  toward  i he  water  subphase.  as  in 
X;  the  cadmium  counterions  are  m  the  subphasc, 
coordinated  fairly  closely  with  the  carboxy  late 
head  aroup.  I  siially.  such  work  is  carried  out  to¬ 
day  by  using  an  automated  I  angmuir  trough  or 
him  balance. 

[  lie  l  15  :echnk)ue  consists  ot  slowly  inserting  a 
macroscopic  metal,  class,  silicon  or  other 
substrate  through  the  monolayei  into  the  sub- 
phase.  either  on  insertion  into  the  water  or  on  slow 
withdrawal  from  the  water,  the  IM  monolayers 
transfer  quantitatively  to  the  substrate  with  little 
or  no  distortion:  tluis  are  formed  the  1  B 
monolayers.  If  the  substrate  is  dipped  several 
times  throueh  the  monolayer.  1  B  multilayers  can 
be  transferred  to  the  substrate. 


Other  techniques  for  monolayer  coverage 
of  metals 

Nnother  method  of  transferring  self-assembling 
monolayers  to  substrates  without  using  a 
I  nngmuir  trough  is  the  Bigelow  oleophobic  (BO) 
film-casting  technique.  '*  I  he  forces  binding  an 
l  B  or  BO  monolayer  to  the  substrate  are  usually 
weak  phvsisorptive  or  chemisorptive  forces.  Better 
adhesion  is  achieved  by  direct  covalent  bonding  to 
a  surface.  Bonding  to  silani/ed  metal  surfaces 
rarely  acnieves  monolayer  coverage.  Also, 
attaching  silani/ed  molecules  to  oxide-bearing 
metal  surfaces  produces  compact  monolayers,  ''  as 
does  attaching  molecules  bearing  disulfide  bonds 
to  gold  surfaces.  Another  method  of  providing 
’strong'  hints  is  to  polymerize  I  B  hints  containing 
diacetylenc  linkages  m  s  mi  using  ultraviolet 
radiation.  l,i 

Despite  the  existence  ol  these  -titer  potential 
techniques  for  assembling  an  organic 
M  D  -i  A  \  rectifier,  we  concentrate  below  on 
I)  a  A  molecules  that  will  sell -assemble  as  PI 
and  I.B  monolayers. 


Synthetic  and  device  assembly  criteria 

1  he  criteria  for  the  synthesis  and  assembly  ol  an 
M  I)  a  -  A  N  device  6  have  been  discussed 
before4  h  and  can  be  enunciated  us  follows. 

tl)  flte  donor  1)  must  have  a  relatively  low 
ionization  potential.  h>  (<  “.5  e\  ):  it  should  be  a 
fairly  flat  molecule,  to  provide  good  lateral 
packing. 

(2)  Hie  acceptor  A  must  have  a  relatively  high 
electron  affinity.  1\  (>2  eV  ).  and  should  aKo  be 
a  fairly  tlat  molecule,  to  allow  for  compact 
packing. 

(3)  The  i)  bridge  must  be  at  least  partially 
saturated  (not  conjugated).  It  must  also  be  long 
enough  (more  than  three  carbon-like  atoms)  to 
prevent  extensive  ground-state  mixing  of  the 
donor  molecular  orbitals  with  the  acceptor 
molecular  orbitals,  yet  short  enough  (less  than 
nine  carbon-like  atoms)  or  rigid  enough  to  prevent 
the  curling  of  the  D  end  over  the  A  end  of  the 
molecule,  f  ive  or  six  carbon  atoms  seems  to  be  the 
optimal  length.  The  <>  bridge  must  aKo  be  tlat 
enough  to  provide  good  lateral  I  B  film  packing. 

(4  t  he  /[>  and  .1  •,  values  of  D  and  A  must  ap¬ 
proach  as  closely  as  possible  the  work  functions  ol 
the  metals  \l  and  N  '  4  *  (see  Table  1).  In- 

fortunately .  vine  cannot  hope  for  a  perfect  match, 
even  lor  the  best  donors  and  acceptors  known  to 
date. 

(5)  The  organic  coupling  reaction  (6),  leading 
to  the  linked  D-e-A.  must  be  more  probable,  ot 
taster,  than  the  competing  charge  transfer  (C  l  ) 
salt  formation  ("): 

I)  \  -  'i  A  —  D-.j  A  (6) 

1)  \  -  V  A  •  X  D  Y-.A  (') 

As  described  below,  the  ester  and  carbamate 
coupling  reactions  have  been  found  to  be  accept¬ 
able.  Many  other  coupling  reactions  are  not  feas¬ 
ible  because  of  the  high  reactivity  of  TCNQ. 


Table  1.  Ionization  potentials,  /o,  for  the  donors 
(D),  electron  affinities.  An,  for  the  acceptors  (A)  and 
work  funcations,  <t>,  for  the  metals  (M.N) 


/;.  , 

eV: 

4  a 

<eV 

i  eV> 

TMPD 

6  25  ' 

DOQ 

3  13r- 

Al 

3  74" 

fTF 

6  83  ' 

TCNQ 

2  80"* 

Au 

4  58' 

Pyrene 

7  4  1'"' 

OMoranil 

2  76'i0 

Pt 

5  29J 
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(6)  rtie  Franck  C  ondon  reorganization  of  the 
molecular  geometry  ot  I)  to  I)'  and  ot  A  to  \ 

4f’  must  be  small,  i  e.  fast,  so  that  the  overall  elec¬ 
tron  transfer  (1  It  within  I)  .>  \  Hast  owing  to 

the  large  difference  /i>  l\)  does  not  slow  down 

because  ot  the  1  ranch -Condon  factor.'"’  " 
I'nder  the  riy ht  conditions,  I  f  through  the 
molecule  can  be  taster  than  I  ns.  *  ""  It  is  mipor- 

tant.  of  course,  to  achieve  a  fast  I  I  process,  since 
a  small  but  slow  molecular  elect  tome  device  has 
no  advantage  over  the  larger  but  very  fast  conven¬ 
tional  (Si  or  Cia  \si  electronic  device 

(~)  The  L)-.i  \  molecule  must  pack  in  PI 

monolayers.  for  this,  one  end  must  be 
hydrophobic  and  the  other  hydrophilic.  In  the  PI 
monolayer,  one  must  prevent  the  packing  of 
I)  a—  \  liver  \  .'  -I)  (which  would  cancel  dipole 
moments  and  destroy  the  directionality  of  the 
device  6).  flic  lateral  rr  -  attractive  interactions, 
and  possibly  even  a  mixed-valence  ground  state 
(which  exists  in  the  quasi-one-dimensional  salt 
I'll  ft  \Q)  may  help  reduce  the  cost  ot  ioniz¬ 
ation  of  D  -it  A  to  I)  '  ->i  \  front  4  eV  to 

possibly  1-2  e V . 

(S)  fhe  monolayers  must  be  close-packed  and 
defect-free  over  the  region  of  overlap  of  metal 
layer  M  atop  D-u-  A  atop  metal  layer  N  (to 
prevent  electrical  shorting  of  metal  layer  M  when 
it  is  deposited  atop  metal  layer  \).  W  hen  LB  films 
of  cadmium  aracludate  are  transferred  on  to 
hydrophobic,  oxide-free  metal'  (Pt,  Au.  Ag)  they 
have  relatively  large  defects  (probably  at  domain 
boundaries),'1  and  may  have  a  disordered,  tan- 
like  structure.  "  Over  hydropnilic.  oxide-covered 
metals  (Al.Sn)  or  glass  or  quartz,  the  defects  in 
the  cadmium  arachidate  I.B  lilnis  seem  smaller, 
allowing  for  a  percolative  current  j  across  the  film 
and  through  declinations  '  (the  voltage 
dependence  of  j  is  log  j  -  a  I'1  1  4  and  not  log 

/  -  h\  1  "  ").  One  way  of  achieving  freedom  from 
defects  on  the  scale  of  a  few  microns  would  be  to 
use  a  thin  interdigitated  layer  M,  where  the  film 
perfection  is  sampled  on  several  small  disks  of 
radius  3  /<m  (these  disks  would  be  connected  to 
macroscopic  electrodes).  Some  crude,  preliminary 
and  negative  results  (on  the  mm  scale)  are  des¬ 
cribed  below. 

(9)  At  an  M-N  distance  of.  typically,  2  nm.  TB 
tunneling  must  be  much  more  likely  than  TS 
tunneling  [the  latter  is  undirected,  and  depends 
only  on  barrier  height  and  distance,  i.e.  it  is 
equally  likely  from  M  to  N  as  it  is  from  N  to  M; 
TB  tunneling  shows  the  desired  ‘chemical'  selec¬ 


tivity  of  making  reaction  (I)  much  more  likely 
than  reactions  (2)  and  (3)|.  In  inelastic  electron 
tunneling  spectroscopy  tlFTS)’1’  through  random 
tilnis  of  insulators  placed  between  superconduc¬ 
ting  Pb  and  normal  Al  electrodes  at  4.2  K.  the 
ratio  I  Bm  LB  *  TS)  is  only  0.01.  Lor  the  organic 
rectifier,  this  ratio  (for  compact  monolayers)  must 
be  much  closer  to  1.0.  One  should  remember  that 
even  in  compact  monolayers  of  cadmium 
arachidate.  a  'background’  conductivity,  indepen¬ 
dent  of  the  number  of  monolayers,  was  always 
present;  this  was  presumably  due  to  IS  tunneling 
processes. 

(10)  Heating  the  monolayer  above  its  chemical 
decomposition  temperature  (conserv  atively 
estimated  as  100  C  )  should  be  avoided,  both 
while  laying  down  the  second  metal  layer  N  atop 
M  1)  a  -  A  as  a  sputtered  or  evaporated  film,  and 
also  during  the  I  B  tunneling  process  in  the  device 
6,  which  will  be  exothermic,  and  will  therefore 
require  some  mechanism  tor  heat  dissipation. 
Similarly,  high  voltages  that  may  cause  dielectric 
breakdown  mu't  be  avoided. 


RESULTS 

Coupling  reactions 

In  1 9”6  Herder'  prepared  carbamate,  or 
urethane,  polymers  of  LTL  with  FCNQ  if  one 
reacts  the  2.2  -bisisocyanate  of  TTF  with  a 
2.5-dihydroxyethoxy -TCNQ;  the  resulting  insolu¬ 
ble  black  polymer  was  semiconducting,  not 
metallic.  However,  the  utility  of  Hertler’s  con¬ 
tribution  was  to  show  that  carbamates  of  strong 
donors  with  strong  acceptors  could  be  prepared, 
and  that  reaction  (6)  was  preferred  over  reaction 
C7)  for  carbamates.  Baghdadchi  prepared  the 
monoisocyanate  of  TTF,  9.  and  coupled  it 
with  Hertler’s  2-bromo-hydroxyethoxy-TCNQ 
(BHTCNQ),  10. 4  to  yield  to  carbamate  11  of 
TTF  with  TCNQ.  However,  two  forms  were 
found,  of  which  one  seemed  zwitterionic  and  the 
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other  neutral  (as  evidenced  by  the  infrared  C\ 
stretching  frequencies).  Neither  product  could  be 
isolated  in  acceptable  purity. 

Esters  of  TTF  with  BHTCNQ,  10,  were  also 
prepared,  using  the  2-acyl  chloride  of  TTF.  but, 
again,  two  products  were  obtained.  The  neutral 
form  of  the  TTF  carbamate  with  BHTCNQ  did 
form  IB  monolayers,  out  with  the  wrong 
geometry  (probably  with  the  molecule  King 
almost  Hat  on  the  water  subphase,  rather  than  nor¬ 
mal  to  id. 

Since  that  time,  most  of  our  efforts  have  been 
concentrated  on  the  carbamate  coupling,  although 
one  may  conceive  of  other  possible  coupling 
reactions. 


Acceptors 


5 

two-electron  acceptor,  rather  than  a  strong  one- 
electron  acceptor.  In  a  major  breakthrough,  the 
synthesis  of  13  has  been  accomplished  in  high 
yield.1'  and  the  crystal  structure  of  its  methyl 
ester.  14  has  been  determined.  Ih 


Donors 

After  the  early  work  on  TTF  isocyanate  (a  strong 
donor),4  the  isocyanate  of  pyrene.  15  (a 
medium  donor),  a  orepared:  later,  various 
derivatives  of  phen.-i  i  ocyanate.  16  (a  weak 
donor),  were  prepared;  adding  a  dodecyioxy 
group  gave  the  weak  donor  17;  adding  the 
dimethy lamino  group  gave  the  medium  donor 
DMAP-NCO,  18.  The  crystal  structure  of  its 
methyl  carbamate.  DMAPCMe,  19,  was 
determined; 14  its  calculated  (AMI)  ioni/ation 
potential  (7.17  eV)  and  cyclic  voltammetry 
showed  that  19  is  a  donor  weaker  than  TMPD  or 
TTF  but  stronger  than  pyrene. i:  There  is  extensive 
hydrogen  bonding  in  the  crystal  of  DMAPCMe. ,,J 
in  solution  '*  and  also  in  the  solution  of  its  electro- 
chemically  generated  radical  anion. !:  The 
bisdodecyl  and  the  bishexyl  derivatives  of  18  have 
also  been  synthesized. 


Most  of  the  work  has  been  carried  out  with 
Hertler’s  BHTCNQ.  10,  the  crystal  structure  of 
which  was  recently  determined.1  Its  electron 
affinity  is  estimated  by  cyclic  voltammetry  as 
2.9  ±  0.2  eV.1  However,  its  very  inefficient  syn¬ 
thesis  spurred  a  search  for  a  better,  or  more 
accessible  acceptor.  The  amhraquinone  analog  12 
has  been  prepared  in  excellent  yield,"  but  the 
molecule  is  severely  bent,  and  12  is  a  weak 
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Crystal  structures  of  donor-sigma-acceptor 
molecules 

To  test  the  proposition  that  the  a  bridge  allows  for 
an  extended  structure  of  the  D-a-A  adducts, 
crystal  structures  have  been  determined  for 
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Pockels-Langmuir  and  Langmuir-Blodgett 
films 

It  was  found  that  only  certain  Do  A  molecules, 
22-26,  form  monolayers  at  the  air-water  inter¬ 
face;  the  data  are  given  in  Table  2,  and  the  rele¬ 


vant  pressure-area  isotherms  are  shown  in  Figs 

3-7, 

The  collapse  pressure  IT,  is  defined  as  the  differ¬ 
ential  surface  tension,  which,  if  exceeded,  leads  to 
the  collapse  of  the  film,  and  to  the  irreversible 
'riding  of  ice  floes  over  each  other.’  The  area  per 


Table  2,  Molecular  areas  and  collapse  pressures  for  PL  monolayers 


T 

11 

A 

A,. 

A ' 

Molecule 

No 

'  K  i 

i.mNm  ) 

i  A  ’  1 

'  \  > 

i.\2l 

Ref 

TTF  C  BHTCNQ 

1  1 

292 

12  7 

1  34  ±  50 

6 

DDOP  C  BHTCNQ 

22 

292 

20  2 

50 

55 

60 

6.14 

BDDAP  C  BHTCNQ 

23 

293 

47  3 

57 

69 

82 

14 

303 

45  9 

54 

70 

82 

P»  C  BHTCNQ 

24 

283 

28.2 

53 

60 

66 

14 

BDDAP  C  HMTCAQ 

25 

293 

22  3 

58 

71 

83 

14 

BHAP  C  HMTCAQ 

26 

293 

35  8 

42 

47 

53 

1  3 
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molecule  can  be  defined  in  several  wavs:  the  area 
at  the  collapse  point  is  .1  .  and  is  the  smallest;  the 
area  per  molecule  at  zero  pressure,  I,,.  is  the  point 
in  the  II  I  isotherm  obtained  when  the  steepest 
part  of  the  curve  o  extrapolated  linearly  to  zero 
pressure;  I  „  is  defined  as  the  mid-point  between 
I,  and  I,,.  Of  all  these  points.  |  give--  what 
probably  is  the  best  estimate  of  the  lateral  dimen¬ 
sions  of  the  molecule  in  a  well  packed  film. 


Figure  6  PrczMhj  area  isotherm  for  8DDAP  C  HMTCAQ 

25  ; 


The  slope  of  the  TI-.-l  isotherm  in  the  ther¬ 
modynamically  reversible  monolayer  regime 
(11  sr  II.  and  A  ^.1.).  helps  to  determine  the 
lluidity  or  rigidity  within  the  film.  For  cadmium 
araehidate.  the  slope  is  almost  vertical,  because 
the  film  is  almost  crystalline  in  its  two-dimensional 
packing.  For  the  molecules  22-26  (Figs  3-7)  the 
slope  indicates  a  more  tluid-like  environment,  in 
which  the  molecules  probably  do  not  pack  as 
rigidly  as  t hex  would  in  a  crystal.  Of  these,  only 
Py-C-BHTCNQ,  24,  lacks  an  alkvl  ‘areasv 
chain;’  DDOP-C-BHTCNQ,  22.  BDDAP-C- 
BHTCNQ.  23.  and  BDDAP-C- HMTCAQ.  25 
all  have  dodecyl  groups  that  help  provide  a 
hydrophobic  region  in  the  molecule  (if  the  dodecyl 
groups  are  replaced  by  methyl  groups,  no 
monolayers  are  formed).  The  ‘most  rigid-  of  these 
films  are  the  film  of  BDDAP-C-BHTCNiQ,  23 
(Fig.  4). 

Since,  however,  the  presence  of  long  alkvl 
chains  may  retard  the  TB  ET,  it  may  be  an  advant¬ 
age  to  have  the  shortest  possible  alkyl  chain  which 
still  can  provide  monolayer  formation.  Thus  we 
are  pleased  with  the  recent  result  that  the  bishexyl 
chain  in  BHAP-C-HMTCAQ,  26.  was  ‘suffi¬ 
cient-  to  provide  good  PL.  monolayers.  Work  on 
similar  molecules  is  continuing.  A  preliminary 
search  for  an  intervalence  band  in  the  optical  spec¬ 
tra  ol  22-26  has  failed;14  it  may  be  that  its 
oscillator  strength  is  so  weak  that  a  more  careful 
search  for  it  should  be  made;  it  is  also  possible 


Figure  7  Pressure  area  isotherm  for  BHAP-C  -  HMTCAQ.  26  3 
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[hat  a  six-atom  carbamate  link  is  ‘too  long'  and 
that  an  ester  linkage  (one  atom  shorter)  is 
desirable. 


Preliminary  tests  of  rectification 

Efforts  were  made  to  find  rectification  behavior  in 
sandwiches  of  molecules  11, 46  22'  and  24."  f-or 
1 1 ,  sandw iches  Pt  II  //g  and  Sn()  11  //g  were 
electrical  shorts,4  6  This  was  not  surprising,  since 
the  large  molecular  .4,  for  II  indicated  that  it  was 
‘sitting’  with  the  longest  axis  almost  parallel  to  the 
water  subphase,  and  therefore  almost  parallel  to 
the  Pt  of  SnO  substrate;  if  this  is  true,  then  the 
him  thickness,  probable  onl>  6  A,  was  so  small 
that  TS  tunneling,  or  tunneling  through  defects, 
could  not  be  avoided.  For  22  and  24,  electrical 
shorts  were  observed  in  similar  sandwiches.' 
However,  in  the  same  laboratory,  sandwiches 
A  7  Hg  using  monolayers  of  cadmium 
arachidate  were  not  insulating,'  even  though  they 
had  been  prepared  previously  as  high-resistance 
sandwiches  in  other  laboratories.''  Therefore,  it 
can  be  stated  that  a  proper  test  of  rectification  of 
22  or  24  had  not  been  made. 

More  recently  an  effort  was  made  to  detect 
rectification  by  LB  monolayers  of  BDDAP-C-- 
BHTCNQ,  23,  in  a  -1/  23  Al  sandwiches  con¬ 
structed  as  shown  in  Fig.  8,  and  explained  below. 
Fifteen  glass  microscope  slides  <7.5  *  2.5  cm)  were 
cleaned  and  coated,  using  a  si  it  t  ed  brass  mask, 
with  five  fingers  each  of  shiny  Al  3.5  mm  long. 
1.6  mm  wide,  and  probably  100-500  nm  thick 
(bottom  strips).  A  single  LB  film  was  then 
transferred  to  each  coated  slide,  overlapping  the 
bottom  strips.  By  using  the  same  mask  turned 
180  ,  each  slide  received  a  second  coating  of  five 
more  fingers  of  Al  of  the  same  dimensions  (top 
strips),  but  so  that  the  top  strips  overlapped 
(through  the  intervening  monolayer)  with  the  bot¬ 
tom  strips  only  within  a  disc  region  about 
1.5  x  1.5  mm  (see  Fig.  3).  Of  course,  the  align¬ 
ment  of  the  D-<t-A  molecules  around  the  edges  of 
the  disc  is  poor,  owing  to  the  irregular  contour  of 
glass  and  Al  that  they  must  follow.  Electrodes 
were  attached  to  the  long  aluminium  strips  and 
through-film  conductivity  was  monitored  using  a 
BAS  CV-22  potentiostat  for  the  15  slides,  i.e.  for 
75  Al  23  Al  sandwiches.  Many  of  these  had  in¬ 
finite  resistance,  i.e.  good  contact  was  somehow 
not  achieved.  The  rest  of  these  sandwiches 
exhibited  the  linear,  ohmic  /-  V  characteristics  of 


Figure  8  Schematic  diagram  of  Al  23  Al  sandwich  usee; 
>n  a  preliminary  test  of  rectification  A  monolayer  of 
BDDAP  C  BHTCNQ  23  was  transferred  as  an  LB  film 
atop  a  glass  microscope  slide  provided  with  five  bottom 
strips  of  Al  (left,  shaded;  for  simplicity  only  one  showm 
Then  five  top  strips  of  Al  (right,  shaded  oniv  onn  'S 
shown;  Jepu*>:.  .  .  *v.  me  monolayer.  Put  wth  small 

overlap  with  the  bottom  strip 

bulk  Al,  i.e.  were  electrical  shorts.  Even  this 
‘refined  crude  experiment-  was  not  a  suitable  test, 
or  else  there  were  too  many  defects  in  the 
monolayer.  Naturally,  more  refined  experiments 
are  planned. 

Fourier  transform  infrared  (FTIR)  spectra  of  25 

Important  structural  information  for  I  B  films  is 
provided  by  Fourier  transform  infrared  (FTIR) 
spectroscopy.'6''  6:  In  a  comparative  test  of 
several  FTIR  spectrometers,  spectra  ot 
BDDaP-C-HMTCAQ(25  )  monolayers  on  Al 
coated  glass  slides  were  obtained  (Figs  9-1")  in 
the  grazing  angle  specular  rellectance  mode,  at 
different  times  after  the  receipt  of  identical 
samples  from  the  same  batch,  and  their  subse¬ 
quent  storage  in  air.  Figures  9-11.  12-15  and  16 
and  17  were  obtained,  in  a  flowing  boil-off  N- 
atmosphere,  on  Mattson.  Nieolet  and  Bruker 
FTIR  spectrometers,  respectively.  Table  3  lists  the 
details  of  the  instruments  used,  the  sample  age. 
the  resolution,  scan  time,  number  of  scans  and  the 
angle  of  incidence  used  (Nieolet  stated  ‘Brewster’s 
angle’  but  did  not  give  its  wavelength). 

It  is  clear  that  LB  monolayers  have  a  finite 
lifetime  on  Al  substrates;  in  fact,  whereas  the 
Mattson  instrument  saw  the  single  monolayer 
easily  (Fig.  9).  the  Nieolet  instrument  barely  could 
(Figs.  13-15)  and  the  Bruker  instrument,  not 
seeing  it  at  all.  used  the  monolayer  slide  as  a 
’blank’  to  determine  the  ’background’  absorbance 
of  Al  for  Figs  16  and  17.  in  Figs  12-14  a  single 
monolayer  is  present,  and  one  can  resolve  the 
aliphatic  CH  stretch  bands  at  2951,  2910  and 
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Figure  9.  FTiR  'Mattson-  of  one  LB  monolayer  of  BDDAP  C  HMTCAQ  25  on  Al 
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Figure  10.  FTIR  'Mattson.'  of  four  LB  monolayers  of  BDDAP  C  HMTCAQ,  25,  on  Al 
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Figure  11  FTiR  Al.msrm  of  . . .  LB  monolayers  of  BDDAP  C  HMTCAQ.  25.  on  Al 


•tcrc  ’  •'  • :  o  :’7o  -zjbo  i950  ib-tO  1 1 3Q  ~zo 

wo  /E  NUMBER 

Figure  12  FTIR  fNicofeti  of  one  L8  monolayer  of  BDDAP  -  C- MHTCAQ.  25.  on  Al. 
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Figure  1 


NC  CN 


BDOAP  C  MMTCAO 


FTIR  i Nicolet ?  of  on*:?  LB  monolaver  of  BDDAP  C 


HMTCAQ  25  on  Al.  detail  showmq  C  H  stretch  bands 


Figure  14  FTIR  iNicoiet'  of  one  LB  monolaver  of  BDDAP  C  HMTCAQ  25.  on  Al,  detail  showing  C  N  band 
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Figure  15.  FTlR  iNicolet;  of  sixteen  LB  mono/avers  of  BDDAP  C  HMTCAQ,  25  on  Al 
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Figure  16  FTlR  Bruken  of  four  L8  monolayers  -minus  spectrum  of  one'  monolayer  on  AU  of  BDDAP  C  HMTCAQ.  25 
on  A I 
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Figure  17  FTIR  Broker'  of  si.teen  LB  monolayers  -  minus  soectrum  of  one  monolayer  on  All  of  BDDAP  C  HMTCAQ 
25  on  Al 


Table  3.  Sampe  age  and  instrumental  conditions  for  FTIR  measurements 


Sample  age 

Resolution 

No. 

Scan  time 

Angle  of  incidence 

Instrument 

Fu(s 

'months' 

icm  I 

of  scjns 

iminl 

:  '  from  normal' 

Mattson  Cygnus  100 

0  1  ! 

1  13 

3 

6 

82 

Nmole!  60SXR 

12  15 

2  13 

4 

2048 

9 

N  a 

Broker  IFS  88 

16  17 

1  83 

3 

1000 

2 

70 

2N49  Lin  ‘  and  the  much  ueaker  C'N  stretch  at 
222 1  cm  ;. 

Similarly.  Figs  11,  15  and  I"  should  all  he  the 
easily  seen  16-monolayer  spectrum.  In  practice,  all 
three  instruments  do  slum  the  C  -FF  stretch 
doublet  (at  292"  and  2s)'4  cm  1 )  that  is  also  seen 
m  monolayers  ot  cadmium  arichidate:  hoyyever, 
their  absorbance  is  not  the  same.  Also,  the  Matt¬ 
son  instrument  does  not  resolve  the  doublet,  as 
yyould  be  expected. 

In  all  samples,  the  Mattson  instrument  obseryes 
a  broad  absorption  peaked  at  14’ 5  cm  yyhich 
ma>  be  due  to  OH  ot  yvater.  either  in  the  purge 
compartment  or  in  the  monolayers  themselves: 
neither  the  Bruker  nor  the  Nicolet  instrument  see 
this,  presumably  because  the  samples  liaye  ay ed 
and  dried  lor  a  longer  time.  In  conclusion,  one  can 
presume  that  F7TIR  spectroscopy  can  be  used  to 


monitor  sample  evaporation,  annealing  and  aging, 
and  obtain  data  yyhich  should  be  useful  in 
eyaluating  the  quality  of  the  LB  films. 


WORK  OF  OTHER  GROUPS 

C  onceptually,  our  synthetic  program  is  related  to 
efforts  by  many  groups  to  model  the  photosyn- 
thetic  reaction  center:  linked  D-a-A  systems 
(D  -  porphyrin,  A  -  quinones)  are  under  intensiye 
study  in  several  laboratories. 61  <’!i 

It  should  be  mentioned  that  Polymeropoulos 
et  al.M  and  later  Sugi  et  al.  0  prepared  rectifiers 
based  on  seven  or  more  monolayers  of  cadmium 
arachidate.  three  of  them  randomly  doped  (5:1) 
with  an  electron  donor  dye,  one  a  pure  cadmium 
arachidate  layer  and  the  other  three  doped  (5:1) 


16 

with  an  electron  acceptor  dye.  However,  this 
device  does  not  work  it'  there  are  fewer  than  seven 
monolayers. 

Recently,  I  tijihira  et  at.  1 2 3 4 * * * * 9  announced  an  l  6 
photodiode  using  a  single  monolayer  of  molecule 
27,  which  consists  of  a  donor  D  (ferrocene),  a  sen¬ 
sitizer  S  (pyrene)  and  an  acceptor  A  (viologen). 
deposited  as  an  LB  film  on  a  semitransparent  gold 
electrode  (with  the  viologen  on  the  An  surface), 
and  placed  in  0.1  M  potassium  chloride  solution, 
with  a  platinum  counter  electrode.  The  electron 
transfer  is  from  solution  to  D,  then  to  the  ground 
state  of  S;  on  irradiation  of  the  film  at  ??(>  nm.  the 
electron  is  pushed  to  the  excited  state  of  S.  S', 
which  is  higher  in  energy  than  the  l.l'MO  of  A, 
which  finally  acquires  the  electron  and  transfers  it 
to  the  Au  layer.  A  current  of  2  nA  (at  ().()  V  versus 
SCE)  was  measured  when  light  was  on.  1  and  no 
current  was  registered  with  the  light  off.  However, 
no  subsequent  full  publication  of  these  results  has 
come  to  our  attention. 


Finally,  Wrighton  and  co-workers  have  realized 
the  'molecule-based'  transistor,  which  relies  on 
either  chemically  doped  poly  aniline  layers 
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deposited  atop  \u  interdigitated  electrodes  ;  or  as 
a  50-  100  urn  'gate'  poly  aniline  polymer  between 
two  Au  electrodes  shadowed  with  Si():.  '  The 
device  has  been  improved  to  the  point  where  its 
switching  rate  is  10  kHz,  and  its  gain  is  almost 
1000."’' 


CONCLUSIONS 

We  have  demonstrated  that  I  B  films  of  D  u  A 
molecules  can  he  synthesized;  we  are  on  our  way 
to  fabricating  metal  organic  metal  sandwiches 
which  should  give  us  a  realistic  test  for  the  organic 
recti  tier. 
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LANGMUIR- BLODGETT  FILMS  OF  DONOR-SIGMA-ACCEPTOR 


MOLECULES  AND  PROSPECTS  FOR  ORGANIC  RECTIFIERS  § 


Robert  M.  Metzger*  and  Charles  A.Panetta 

‘Department  of  Chemistry  -  University  of  Alabama 
Tuscaloosa  AL  35487-967 1  US  A 
Department  of  Chemistry  -  University  of  Mississippi 
University  MS  38677  USA 


INTRODUCTION 

Our  goal  is  to  assemble  and  te«'  a  unimolecular  rectifier  of  electrical  current, 
which  could  be  part  of  a  very  thin  ,  nm  thick)  electronic  device.  This  idea, 
originated  by  Aviram  in  1973.  depends  on  the  asymmetry  of  molecules  D-a-A. 
where  D  is  a  good  one-electron  donor  (but  poor  acceptor),  A  is  a  good  one-electron 
acceptor  (but  poor  donor),  and  a  is  a  covalent  bridge  that  keeps  the  molecular 
orbitals  of  D  separate  from  those  of  A.  We  have  found  five  molecules  which 
sclf-asscmble  as  monolayers,  three  contain  the  TCNQ  moiety;  three  contain 
greasy  dodecyl  groups  on  the  donor  end  (which  helps  in  monolayer  formation), 
but  one  contains  only  hexyl  groups.  All  of  them  can  be  transferred  to  a  glass  or 

A1  substrate  as  Langmuir-Blodgeti  films.  Recent  FTIR  data  for  a  single  monolayer 
are  presented. 

THE  ORGANIC  RECTIFIER  -  THEORETICAL.  SYNTHETIC.  AND  ASSEMBLY  CRITERIA 

This  is  a  progress  report  on  the  Organic  Rectifier  Project,  i.e.  on  our  efforts  to 
ynthesize  molecules  of  the  type  D-o-A,  which  may  be  potential  rectifiers  of 
electrical  current.  Here  D  =  strong  one-electron  organic  donor,  such  as  TTF 
( tetrathiafulvalene.  1).  or  TMPD  ( N.  N.N.N’-ietramethy  I-para-phenv  lenediamine. 
2).  o  =  covalent  sigma  bridge.  A  =  strong  one-electron  acceptor,  such  as  TCNQ 

( 7,7,8. 8-tetracyanoquinod'methan.  3)  or  chloranil  (2.3,5,6-tetrachloro-para-ben- 
zoquinone,  4)  Aviram  and  co  workers  predicted  in  1973  jl-3]  that  D-o-A 
molecules,  such  as  the  proposed  molecule  5,  sandwiched  as  an  oriented  monolayer 
between  ordinary  metallic  thin  films  M  and  N.  as  in  6.  would  act  as  a  rectifier  of 
electrical  current.  The  obvious  advantage  of  such  a  device  is  its  small  thickness: 

the  molecule  5  should  be  only  2  nm  thick.  If  very  thin  conventional  films  M,  N 
(1.5  nm  each)  can  be  used,  then  a  5  nm  thick  device  becomes  possible,  much 

thinner  than  the  working  direction  of  conventional  Si  or  GaAs  devices  (1  to  3wm>. 

The  incremental  results  of  the  Organic  Rectifier  Project  have  been  reported 
elsewhere  [4-15]  Here  we  summarize  the  design  criteria  that  have  evolved,  and 
discuss  the  implications  of  our  most  recent  results. 


§  Supported  in  pan  by  NSF-DMR  Grant  84-17563 
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Simplified  Mechanism 

If  device  6  can  be  assembled,  then  the  mechanism  for  rectification  is  given 
by  [2-5,10.16]: 

FORWARD  BIAS:  GO:  M  I  D-o-A  I  N  — - >  Ml  D+-o-A'l  N+— >  M'l  D-o-A  I  N+  7 

7a  7b  (ITF) 


REVERSE  BIAS:  NO  GO:  M  I  D-o-A  I  N  ~xxx ->  M+l  D'-o-A+l  N" 


REVERSE  BIAS:  GO:  M  I  D-o-A  I  N . >  M  I  D+-o-A‘l  N . >  M+l  D-o-A  I  N'  9 

9a  (ITR)  9b 

Under  zero  or  moderate  forward  bias  the  electron  transfer  (ET)  can  occur  by 
elastic,  through-space  (TS)  [17]  tunneling  though  a  chemisorptive  barrier  from  D 
to  M.  and  from  N  to  A  (7a);  thus  is  formed  the  zwitterionic  molecular  state  D+-o-A"; 
this  is  followed  by  through-bond  (TB)[ 1 7 J  inelastic  tunneling  (call  it  ITF,  7b,  or 
forward  inelastic  tunneling)  from  A‘  to  D+ :  this  produces  charge  separation. 
Under  reverse  bias,  the  formation  of  zwitierion  D'-a-A+  (8)  is  very  unlikely, 
because  good  organic  one-electron  donors  are  miserable  acceptors,  and  good 
acceptors  are  poor  donors.  Indeed,  in  the  gas  phase,  the  energy  required  to  form 
the  ions  TTF+(g),  TCNQ'(g)  at  infinite  mutual  separation  is  known  to  be  4.0 
eV[  18.19],  whereas  the  energy  required  to  form  the  ion  pair  TTF'(g),  TCNQ+(g)  is 
estimated  at  over  9  eV  [20,21]: 


TTF(g)  +  TCNQ(g)  =  TTF+(g)  +  TCNQ'(g)  AH  =  6.83  -  2.8  eV  =  4.0  eV  10 
TTF(g)  +  TCNQ(g)  =  TTF'(g)  +  TCNQ+(g)  AH  =  9.6  eV  (est)  11 


However,  under  reverse  bias  another  mechanism  is  possible  (9a):  a  zwitierion 
D  +  -a-A‘  forms  first,  then  charge  separation  from  M  to  N  occurs:  this  is  reverse 
uphill''  tunneling  ITR,  and  is  much  less  likely  than  ITF  Of  course,  tunneling  is 
here  between  states  of  different  energies,  so  one  secs  these  inelastic  processes  as 
elastic  processes  between  virtual  states  of  equal  energy,  followed  by  inelastic 
through-  bond"  processes. 
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[  .memuir-Blodgett _ Films 


So  far,  our  efforts  have  been  centered  upon  molecules  D-c-A  which 
self-assemble  at  the  air-water  interface  as  Pockels-Langmuir''  monolayers  (our 
term  for  such  monolayers,  honoring  Irving  Langmuir  (  1881-1957)  and  Agnes 
Pockels].[22],  Such  monolayers  can,  usually,  be  transferred  to  glass  or  metal  or 

other  substrates  by  the  Langmuir-Blodgett  (LB)  technique  pioneered  by 
Langmuir  and  by  Katharine  B  Blodgett  (1898-1979)  [23-26],  The  typical  molecule 
that  forms  excellent  PL  and  LB  films  is  cadmium  arachidate,  Cdtn-C^H-jgCOOij.  12 


water 


At  the  air-water  interface  a  PL  monolayer  of  cations  12  (shaped  like 

tadpoles)  points  with  the  carboxylate  ends  toward  the  water  subphase,  as  in  13: 
the  cadmium  counterions  are  in  the  subphase,  coordinated  rather  closely  with  the 
carboxylate  head  group  Usually,  such  work  is  done  today  by  using  an  automated 
Langmuir  trough  or  film  balance. 

The  LB  technique  consists  of  slowly  inserting  a  macroscopic  metal,  glass, 

silicon,  or  other  substrate  through  the  monolayer  into  the  subphase;  either  upon 
insertion  into  the  water,  or  upon  slow  withdrawal  from  the  water,  the  PL 
monolayers  transfer  quantitatively  to  the  substrate  with  little  or  no  distortion: 

thus  are  formed  the  LB  monolayers.  If  the  substrate  is  dipped  several  limes 
through  the  monolayer.  LB  multilayers  can  be  transferred  to  the  substrate 

[23-28]. 


Other  techniques  for  monolayer  cover3ec  of  metals 

Another  method  of  transferring  self-assembling  monolayers  to  substrates 
without  using  a  Langmuir  trough  is  the  Bigelow  oleophobic  (BO)  film-casting 
technique  [29-32],  The  forces  binding  an  LB  or  BO  monolayer  to  the  substrate  are 
usually  weak  physisorptive  or  chemisorpuve  forces.  A  better  adhesion  is  by 
direct  covalent  bonding  to  a  surface  Bonding  to  silanized  metal  surfaces  rarely 
achieves  monolayer  coverage  [33],  Also,  attaching  silanized  molecules  to 
oxide-bearing  metal  surfaces  produces  compact  monolayers  [34],  as  does  attaching 
molecules  bearing  disulfide  bonds  to  gold  surfaces  [35].  Another  method  of 
providing  "strong1  films  is  to  polymerize  LB  films  containing  diacetylene 
linkages  in  situ  using  ultraviolet  radiation  [36] 
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Despite  the  existence  of  these  other  potential  techniques  for  assembling  an 
organic  M  I  D-o-A  I  N  rectifier,  we  concentrate  below  on  D-o-A  molecules  that  will 
self-assemble  as  PL  and  LB  monolayers. 

Synthetic  and  device  assembly  criteria 

The  criteria  for  successful  synthesis  of  candidate  D-o-A  molecules  and  for 
their  assembly  into  the  organic  rectifier  6  have  been  stated  before  [4,5,8,10.161 
and  can  be  summarized  as  follows: 

(1)  The  donor  D  must  have  a  low  ionization  potential  In  (<7.5  eV)  and  be 
fairly  flat. 

(2)  The  acceptor  A  must  have  a  high  electron  affinity  A.  (>2  eV)  and  must  be 
fairly  fiat. 

(3)  The  a  bridge  must  be  saturated  (not  conjugated).  It  must  be  long  enough 

to  prevent  extensive  ground-state  mixing  of  the  donor  molecular  orbitals  with  the 

acceptor  molecular  orbitals  (>  3  carbon-like  atoms),  yet  short  enough  (<  9 

carbon-like  atoms)  or  rigid  enough  to  prevent  the  curling  of  the  D  end  over  the  A 

end  of  the  molecule.  Molecular  modeling  shows  that  5  or  6  carbon  atoms  seems  to 

be  the  optimal  length.  The  o  bridge  must  be  flat  enough  to  provide  good  lateral  LB 

film  packing. 

(4)  The  D-o-A  molecule  must  pack  well  in  monolayers.  For  this,  one  end  must 
be  hydrophobic,  the  other  hydrophilic.  There  should  be  no  overlap  of  D-o-A  over 
A-o-D  (which  would  cancel  dipole  moments  and  destroy  the  directionality  of  the 
device  6).  The  lateral  n-n  attractive  interactions,  and  maybe  a  mixed-valence 
ground  state,  as  exists  in  the  quasi-one-dimensional  salt  TTF  TCNQ,  may  reduce  the 
cost  of  ionization  of  D-o-A  to  D^-o-A"  from  4  eV  to  maybe  1  or  2  eV. 

(5)  The  ID  and  Aa  values  must  match  as  closely  as  possible  the  work 

functions  of  the  metal  layers  M  and  N  (see  Table  1).  As  can  be  seen,  the  match  is 

far  from  perfect.,  even  for  the  best  donors  and  acceptors  known  to  date. 


Table  1.  Ionization  potentials  ID  for  the  donors  D, 
electron  affinities  Aa  for  the  acceptors  A, 
and  work  functions  <t>  for  the  metals  M.  N 


ID  (eV) 

A  A  * e  V ) 

♦  (eV) 

TMPD 

6.25  [37] 

DDQ 

3.13  |39) 

A) 

3.74  [41] 

TTF 

6.83  [18] 

TCNQ 

2.8  [19] 

Au 

4.58  [41] 

pyrene 

7.41  [38] 

Chloranil 

2.76  [40] 

pt 

5.29  [41] 

(6)  The  bridge-building  organic  reaction  14  leading  to  D-o-A  must  be  more 
likely,  or  more  efficient,  than  the  competing  reaction  of  charge  transfer  (CT)  salt 
formation  15: 


D-X  +  Y-A  . >  D-o-A  14 

D-X  +  Y-A  . -  ->  X-D+  Y-A'  15 


(7)  The  Franck-Condon  reorganization  of  the  molecular  geometry  of  D  to  D+ 
and  of  A  to  A'  [42]  must  be  small,  or  fast,  so  that  the  overall  ET  within  D-o-A  does 
not  become  slow  [42-44],  Under  the  right  conditions,  ET  through  the  molecule 
could  be  faster  than  1  ns  [43-46] . 
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t  X  i  The  monolavers  must  be  close-packed  and  delect-ircc  lor  al  least  a  lew  inn 
in  ihe  lateral  direction  no  prevent  electrical  shorting  of  metal  layer  M  to  metal 
laser  N>.  It  is  known  that  over  hydrophobic,  oxide-free  metals  tPt,  Au.  Agt 
cadmium  arachidate  films  have  larger  delects  (probably  at  domain  boundaries; 
-i",  and  have  masbe  a  disordered.  Ian-like  structure  l-*-R !-  Over  hydrophilic, 
ovide-covercd  metals  i Al.  Sm  or  glass  or  quartz.  the  defects  seem  smaller,  allowing 
for  a  percolativc  curent  |  across  the  film  and  through  disclinaiions  !49(  (the 
voltage  dependence  of  j  is  log  j  =  a\  ‘  ; 50)  and  not  log  j  =  b  V  [51  i i  One  way  of 

achieving  freedom  from  delects  on  the  scale  of  a  lew  microns  would  be  to  use  a 
thin  interdiguated  laser  M.  where  the  film  perfection  is  sampled  on  several  small 
disks  of  radius  3  /m  radius  i these  disks  would  be  connected  to  macroscopic 
e  I  e  c  t  ro  d  e  s  i . 

(9)  At  the  M  to  N  distance  of,  typically.  2  nm,  the  directed  TB  tunneling  must 
be  much  more  likely  than  the  undirected  TS  tunneling.  Sofar,  in  inelastic 
electron  tunneling  spectroscopy  tlETS)  (521  lor  random  films  of  insulators  placed 
betsveen  superconducting  Pb  and  normal  Al  electrodes  at  4.2  K.  the  ratio 
TB/iTB+TS)  is  only  0.01  For  the  organic  rectifier  to  succeed,  this  ratio  (for 
compact  monolayers)  must  be  much  closer  to  1.0. 

1 10)  The  process  of  laying  down  the  second  metal  layer  N  atop  M  I  D-a-A  as  a 
sputtered  or  evaporated  film,  and  also  the  exothermicitv  of  the  TB  tunneling  in 
the  device  6.  must  both  avoid  heating  the  monolayer  above  100JC.  Similarly,  high 
voltages  that  may  cause  dielectric  breakdown  must  be  avoided. 


RESULTS 

Coupling  reunions 

In  1976  Henler  prepared  carbamate,  or  urethane,  polymers  of  TTF  with  TCNQ 
if  one  reacts  the  2.2  -bisisocyanate  of  TTF  with  a  2.5-dihydroxyethoxvTCNQ.  the 
resulting  insoluble  black  polymer  was  semiconducting,  not  metallic  [53). 
However,  the  utility  of  Henler  s  contribution  was  to  show  that  carbamates  of 
strong  donors  with  strong  acceptors  could  be  prepared,  and  that  reaction  14  was 
preferred  over  reaction  15  for  carbamates.  Baghdadchi  prepared  the 
monoisocyanate  of  TTF.  16,  and  coupled  it  with  2-bromo-hydroxyethoxyTCNQ.  17 
-i-6,  54]  to  vield  the  carbamate  18  of  TTF  with  TCNQ  However,  two  forms  were 
found,  of  which  one  seemed  zwitteriontc.  the  other  neutral  (as  evidenced  by  the 
infrared  CN  stretching  frequencies)  Neither  product  could  be  isolated  in 
acceptable  purity. 


Esters  of  TTF  with  TCNQ  17  were  also  prepared,  using  the  2-acyl  chloride  of 
TTF.  but.  again,  two  products  were  obtained  [6],  The  neutral  form  of  the  TTF 
carbamate  with  TCNQ  did  form  LB  monolayers,  but  with  the  wrong  geometry 
(probably  with  the  molecule  lying  almost  flat  on  the  water  subphase,  rather  than 
normal  to  it). 
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Since  ihat  time,  most  of  our  efforts  have  been  concentrated  on  the  carbamate 
coupling,  although  one  may  conceive  of  other  possible  coupling  reactions. 

Acceptors 


Most  of  the  work  has  been  done  with  Henler's  TCNQ  alcohol  17  (BHTCNQ), 
whose  crystal  structure  was  recently  determined  (Fig.  1)  [13].  From  cyclic 
voltammeiric  studies  we  estimate  that  the  electron  affinity  of  17  is  2.9  t  0.2  eV 
[13].  The  inefficient  synthesis  of  17  has  caused  us  to  seek  better,  or  more 
accessible  acceptors.  The  anthraquinone  analog  19  has  been  prepared  in 
excellent  yield  [9],  but  the  molecule  is  severely  bent,  and  19  is  a  weak 
two-electron  acceptor,  rather  than  a  strong  one-electron  acceptor.  The  synthesis 
of  20  has  been  accomplished  [55],  and  the  crystal  structure  of  its  methyl  ester.  21. 
has  been  determined  [14]  (Fig.  2). 


Fig  1.  ORTEP  plot  of  BHTCNQ,  17  Fig 

'monoclinic,  space  group  P2,/n. 
a=  9.258  A.  b=  13.618  A.  c=  10.947  A. 

0  =  92.14°.  Z  =  4.  R  =  3  9^  [13]) 


2.  ORTEP  plot  of  AETCNQ.  21 

(triclinic,  space  group  Plbar. 
a=  7.165  A.  b=  9.058  A.  c=  13.244A, 
a=  70.06°,  0=  87.14°.  y=  68.22°,  Z  =2 
R  =  3.47c  [14]). 


Donors 

After  the  early  work  on  TTF  isocyanate  (a  strong  donor)  [4-6],  our  attention 
turned  to  the  isocyanate  of  pyrene.  22  (a  medium  donor),  and  to  substituents  of 
phenyl  isocyanate  (a  weak  donor);  adding  a  dodecyloxv  group  made  weak  donor 
24;  adding  the  dimethvlammo  group  made  the  medium  donor  DMAP-NCO.  25.  The 
crystal  structure  of  its  methyl  carbamate,  DMAPCMe.  26.  was  determined  (Fig  3) 
[II  I.  its  calculated  (AMI)  ionization  potential  (7  17  eV)  and  us  cyclic  voltammetry- 
showed  that  26  is  a  donor  weaker  than  TMPD  or  TTF  but  stronger  than  pyrene  [12]. 
There  is  extensive  hydrogen  bonding  in  the  crystal  of  DMAPCMe  [11],  in  solution 
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I.',  and  also  in  solution  ol  its  eleetrochemically  generated  radical  anion 
have  also  prepared  the  bis-dodecvl  and  the  bis-hevvl  derivatives  of  25. 


Fig. 4.  ORTEP  plot  of  Phenyl-C-BHTCNQ,  27 

(monocltnic,  space  group  P2(/n, 
a  =  8.310  A.  b  =  9  278  A.  c  =  25.383  A, 
P  =  96  15°,  Z  =  4,  R  =  7.9  %  ( 1 1  ]) 


Fig  5.  ORTEP  plot  of  DMAP-C-HMTCAQ.  28 
fmclinic,  Plbar,  a  =  8.748  A,  b  = 

10.989  A.  c  =  13.541  A.  a  =  90.67°, 

P  =  99, 15°.  y  =  98.62°,  Z  =  2,  R=1 2.7% 
[151) 
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the  D-o-A  adducts,  crystal  structures  have  been  determined  for  phenyi-C-BHTCNQ, 
27  (Fig  4)  [11)  and  for  DMAP-C-HMTCAQ,  28  (Fig.  5)  [15).  In  both  cases  the 
molecules  do  not  form  LB  films,  but  the  crystal  structure  reveals  an  extended 
conformation,  the  crystals  belong  to  the  centrosvmmetric  space  group  PI  bar:  the 
molecules  pack  in  the  crystal  so  that  D-o-A  packs  nearly  over  A-o-D 

Povkels-Langmuir  and  Lanemuir-Blodgett  Films 

It  was  found  that  only  certain  D-o-A  molecules  29-33  form  monolayers  at  the 
air-water  interface,  the  data  are  given  in  Table  2.  and  the  relevant  pressure-area 
isotherms  land  molecular  structures)  are  shown  in  Figs.  6-10. 

The  collapse  pressure  FI  is  defined  to  be  the  differential  surface  tension, 
which,  if  exceeded,  leads  to  the  collapse  of  the  film,  and  to  the  irreversible  "riding 
of  ice  floes  over  each  other  The  area  per  molecule  can  be'  defined  in  several 
ways  the  area  at  the  collapse  point  is  Ac,  and  is  the  smallest;  the  area  per  molecule 
at  zero  pressure.  A  ,  is  the  point  in  the  fl -A  isotherm  obtained  when  the  steepest 

part  of  the  curve  is  extrapolated  linearly  to  zero  pressure;  Am  is  defined  as  the 
mid  point  between  Ac  and  AQ.  Of  all  these  points.  Ac  gives  what  probably  is  the 
best  estimate  of  the  lateral  dimensions  of  the  molecule  in  a  well-packed  film. 

The  shape  of  the  17  -A  isotherm  is  indicative  of  the  fluidity  or  rigidity  within 
the  film  For  cadmium  arachidate,  the  slope  is  almost  vertical.  because  the  film  is 
almost  crystalline  in  its  two-dimensional  packing.  For  the  molecules  described  in 
Ftgs  6-10.  the  slope  indicates  a  more  fluid-like  environment,  in  which  the 
molecules  probably  do  not  pack  as  rigidly  as  they  would  in  a  crystal.  Of  the 
molecules  given  above,  only  Pv-C-BHTCNQ  lacks  an  alkyl  "greasy  chain"; 
DDOP  C-BHTCNQ.  BDD.AP-C-BHTCNQ  and  BDDAP-C-HMTCAQ  all”  have  dodecyl  groups 
that  help  provide  a  hydrophobic  region  in  the  molecule  (if  the  dodecyl  groups  are 

replaced  by  methyl  groups,  no  monolayers  are  formed).  Since,  however,  the 
presence  of  long  alkyl  chains  may  retard  the  TB  ET.  it  was  important  to  find  a 

shorter  alkyl  chain  which  would  help  in  providing  monolayer  formation.  Thus 
we  are  pleased  with  the  recent  result  that  the  bis-hexyl  chain  in  33  was 

"sufficient  to  provide  good  PL  monolayers.  Work  on  similar  molecules  is 
continuing. 


Lanumuir-Blodgett  films  and  tests  on  rectification 

Efforts  were  made  to  find  rectification  behavior  in  sandwiches  of  molecules 
18  (4.51.  29  (7),  and  31(7],  For  18.  sandwiches  Ptl  1 8 IHg  and  SnOH8IHg  were 

electrical  shorts  [4.5).  This  was  not  surprising,  since  the  large  molecular  Ac  for 

18  indicated  that  it  was  "sitting"  with  the  longest  axis  almost  parallel  to  the  water 
subphase,  and  therefore  almost  parallel  to  the  Pt  of  SnO  substrate;  if  this  is  true, 
then  the  fim  thickness,  probably  only  6  A.  was  so  small  that  TS  tunneling,  or 

tunneling  through  defects  could  not  be  avoided  For  29  and  31.  electrical  shorts 
were  observed  in  similar  sandwiches  [  7  ]  However,  in  the  same  laboratory, 
sandwiches  A 1 1 1 2 ' I-i g  using  monolayers  of  cadmium  arachidate  were  not 
insulating[7),  even  though  they  had  been  prepared  previously  as  high- 
resistance  sandwiches  in  other  laboratories  [51).  Therefore  it  can  be  stated  that  a 
proper  test  of  rectification  of  29  or  31  had  not  been  made. 

Important  structural  information  is  provided  by  Fourier  Transform  Infrared 
(FTIR)  spectroscopy  (32,56-60).  Figs.  11-13  were  obtained  on  a  Nicolet  60SXR 

spectrometer,  operated  at  4  cm'”  resolution,  using  grazing  angle  specular 
reflectance  and  a  Brewster  angle  polarizer.  In  all  cases  the  samples  were 
transferred  as  LB  films  onto  aluminium-coated  glass  slides.  The  molecule  studied 
was  BDDAP-C-HMTCAQ,  32;  in  Figs.  11.12  a  single  monolayer  is  present,  yet  one 
can  resolve  the  aliphatic  CH  stretch  bands  at  2951,  2910.  and  2849  cm'1  and  the  CN 
stretch  at  2221  cm"1.  In  Fig.  13  the  LB  films  consists  of  16  monolayers. 
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Table  2.  Molecular  areas  and  collapse  pressures  for  PL  monolayers 


Molecuie 

No. 

T 

n 

Aa 

A 

A 

Ref 

K 

mN/m 

A5 

a! 

A“ 

TTF-C-BHTCNQ 

18 

12.7 

1 34t50 

[5] 

DDOP-C-BHTCNQ 

29 

292 

20  2 

50 

55 

60 

[5.16] 

BDDAP-C-BHTCNQ 

30 

293 

47  3 

57 

69 

82 

[16] 

303 

45.9 

54 

70 

82 

Py  C-BHTCNQ 

31 

2H3 

28.2 

53 

60 

66 

[16] 

BDDAP  C-HMTCAQ 

32 

293 

22.3 

58 

71 

83 

[16] 

BHAP-C  HMTCAQ 

33 

293 

35  8 

42 

47 

53 

Fig.  6  Pressure-area  isotherm  for  DDOP-C-BHTCNQ,  29  [5.16]. 


20 


40  60  80 

Area  /(X2f  molecule) 


100 


Fig.  9.  Pressure-area  isotherm  for  BDDAP-C-HMTCAQ,  32  [16). 


Area  I  (*lf  molecule) 

Fig  10.  Pressure-area  isotherm  for  BH AP-C-FIMTCAQ,  33  (this  study) 


Fig.  11.  FTIR  of  single  LB  monolayer  of  BDDAP-C  HMTCAQ,  32.  on 
shoeing  aliphatic  CH  stretch  bands. 


Fig  12  FTIR  of  single  LB  monolayer  of  BDDAP-C-HMTCAQ,  32.  on 
showing  CN  stretch  bands. 


aluminum. 


aluminum. 
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\\  ORK  OF  OTHER  GROUPS 


Conceptual!) .  our  synthetic  program  is  relat  4  to  efforts  by  many  groups  to 
model  the  photosynthetic  reaction  center'  linked  D-o-A  systems  iD  -  porphyrin,  A 

=  quinonesi  are  under  intense  study  in  several  laboratories  ;61-66i 

It  should  be  mentioned  that  Kuhn  et  al.  [67]  and  later  Sugi  et  al.  168]  have 
prepared  rectifiers  based  on  seven  or  more  monolayers  of  cadmium  arachidate, 

three  of  them  randomly  doped  i5:1i  with  an  electron  donor  dye.  one  a  pure 

^admium  arachidate  layer,  the  other  three  doped  i5  h  wuh  an  electron  acceptor 
dye  However,  the  device  does  not  work  it  there  are  tewer  than  seven  monolayers 


I 


>  ■  :  950  T5sO  HlcT  *20 

Fig  13  FTIR  of  16  LB  monolayers  of  BDDAP-C-HMTC.AQ  ,  32,  on  aluminum 


Recently  Fujihira  prepared  a  lB  photodiode  [68]  using  a  single  monolayer  of 
molecule  34,  which  consists  of  a  donor  D  (ferrocene),  a  sensitizer  S  (pyrene),  and 
an  acceptor  A  (viologen),  deposited  as  an  I  B  film  onto  a  semitransparent  gold 
electrode  (with  the  viologen  on  the  Au  surface),  and  placed  in  a  0.1  molar 
potassium  chloride  solution,  with  a  platinum  counter  eie^’rode.  The  electron 
transfer  is  from  solution  to  D,  then  to  the  ground  state  of  S;  upon  irradiation  of  the 
film  at  330  nm,  the  electron  is  pushed  to  the  excited  state  of  S.  S*,  which  is  above 
the  LUMO  of  A.  which  finally  gets  the  electron  and  transfers  it  to  the  Au  layer.  2 
nA  of  current  at  0.0  V  versus  SCE  was  measured  when  light  was  on  (69). 
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N+  -  (CH2)i t 


CONCLUSIONS 


Wc  have  demonstrated  that  LB  films  of  D-o-A  molecules  can  be  synthesized, 
we  are  on  our  way  to  fabricating  metal  I  organic  I  metal  sandwiches  which  should 
give  us  a  realistic  test  for  the  organic  rectifier. 
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